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Introduction
The greatest improvements in the early science of the XVII century was
the telescope. This tool, as well as its numerous improvements like the
microscope, let the scientists to investigate properties of matter previously
far to be accessible. Like the telescope, modern science needs constantly
new tools to probe the nature as never done before. In the XX century
to investigate matter and fundamental forces of the nature the particle
accelerator has been invented to cover the needs of instruments for the ex-
amination of the microscopic universe. Particle accelerators nowadays are
used for a wide spectrum of applications: in medicine to produce isotopes
and to treat cancer, it is also growing its use as advanced radiation sources
to produce light in the terahertz (THz) range up to the angstrom with the
use of Free Electron Lasers (FELs), Coherent Transition Radiation (CTR),
inverse Compton scattering and other advanced techniques, becoming a
powerful tool for many fields, like condensed matter physics, molecular
biology, chemistry, material science and medicine. It is straightforward that
there is great demand for such sources by both industries and research in-
stitutes: reducing their size and cost will significantly enhance their already
revolutionary impact.
Actually, an high energy particle accelerator is extremely expensive. The
size of the machine is the first problem to overcome, since modern accelera-
tors need several hundreds of meter (if not kilometers) to transfer energy
from an electro-magnetic field, excited in resonant radio-frequency (RF) cav-
ity, to particles. The most easy way to reduce their dimensions is to increase
the acceleration gradient, i.e. the amplitude of the electro-magnetic field,
nevertheless its peak value is limited by the wall breakdown that rules the
maximum accelerating field that can be sent into a cavity. Then, different
strategies have been adopted to maximize the energy transfer to particles
in as short length as possible. One of the most promising technique for
accelerating particles uses the excitation of large amplitude plasma waves
driven by either particle or laser beams to cede energy to electrons. These
are the so-called plasma-based acceleration techniques, in which an ionized
1
2gas (plasma) is the medium that transfers the energy from a driver, either a
laser or particle bunch(es), to a bunch of accelerating particles which may
be extracted by the plasma itself (self-injection) or generated by an external
source and then injected into the plasma (external injection).
The quality of the accelerated beam depends strongly on the properties
of the plasma, especially on its density and its distribution along the acceler-
ation length. The precise knowledge of the plasma in which the experiment
takes place is mandatory. A proper diagnostic tool allows to control and
understand the physical process underlying the experiment. One of the
most important parameter to control in a plasma acceleration experiments
is the electron density, measured in number of particles contained in a cube
centimeter (cm−3). The amplitude of plasma waves, as well as their spa-
tial dimensions and the consequent accelerating gradient felt by particles,
depend on the background electron density and its spatial variation.
Future experiments scheduled at the SPARC_LAB test facility aim to
demonstrate the acceleration of high brightness electron beams through dif-
ferent plasma acceleration schemes. In the so-called resonant Plasma Wake-
field Acceleration (PWFA)[1] scheme a train of electron bunches (drivers)
resonantly excites wakefields into a preformed hydrogen plasma. The last
bunch (witness) injected at the proper accelerating phase gains energy from
the wake. In an another technique, usually called external injection Laser
Wakefield Acceleration (LWFA)[2], the wakefields are produced by a laser
pulse to externally inject a high brilliance beam generated by a photoin-
jector. The high quality beam injected at the correct phase can gain energy
therefore it can be accelerated without the use of other driver electron
bunches. For both these schemes is required a uniform, ”low” (1016 − 1017
cm−3) plasma density for centimeter scale length, with sufficient transverse
uniformity and relatively low temperature (< 10 eV). Plasma filled capillar-
ies well suit these requirements.
An another acceleration scheme, also investigated at the SPARC_LAB, is
the self-injection LWFA [2, 3], where the accelerating electrons are trapped
by the plasma background into the bubble formed by an high energy laser
pulse. For this acceleration scheme, sources with higher density (1018− 1019
cm−3) are preferred, as much as possible free from turbulence and longitu-
dinally homogeneous. All these requirements are satisfied by gas-jet.
A deep knowledge of the plasma density and its evolution, as well as
the knowledge of the current flow or of the laser propagation needed to
ionize the gas, is mandatory for the correct control of the accelerated beam.
A proper characterization of each source will ensure the correct acceleration
process and let also to determine the adequate working point at which in-
ject any driver (and witness) beams. For the external injection experiments,
3plasma will be pre-ionized before the advent of the driver by an indepen-
dent laser pulse or by an electrical discharge to avoid the depletion of the
driver energy caused by the ionization loss. In these schemes the plasma
needs to be bounded into a capillary in order to elongate the interaction
length between the particles and plasma. In that case, the background
electron density along the acceleration path is fundamental for a correct
knowledge of the accelerating process. Due to the capillary geometry, any
probe-based technique for the longitudinal analysis of the density is hard
to be implemented. The cylindrical shape does not allow to a probe laser
to pass through its walls without a consistent diffraction and any other
mechanical probe may alter the plasma configuration due to their small
radius (lower than 0.5 mm). Then, spectroscopic analysis of the self emitted
light has been preferred. Moreover, the knowledge of the current discharge
profile is crucial for many applications like the active plasma lens, which
will reduce the space needed in accelerating machine to manipulate the
beams. Actually a consistent part of the machine is occupied by the optical
elements such as quadrupoles and dipoles needed to transport and manip-
ulate the beams.
In internal injection LWFA, gas jets are usually preferred because of their
higher densities suitable for the self injection of the electrons. Here, trans-
verse optical probing is suitable and interferometric technique is widely
used.
This thesis shows my contribution to the characterization of the plasma
sources needed for the plasma-based experiments of SPARC_LAB. Dur-
ing my thesis work, I have studied and implemented the tools needed
to measure the plasma density into both gas-filled and laser trigger abla-
tive capillaries. The diagnostic system, based on the analysis of the Stark
broadening of the emitted spectral lines, allowed to measure in a single
shot the evolution of the plasma density variation along the entire capillary
length in steps of 100 ns. As far as we know, this is the first single-shot,
longitudinally-resolved measurement based on the Stark broadening anal-
ysis to measure low density plasma evolution (≤ 1017 cm−3) in a capillary
discharge. By knowing the temporal evolution of the plasma density, it
is possible to chose the correct working point for the accelerator and to
check its stability and reliability. Moreover, the versatility of the system
allows to verify online the proper functioning of the acceleration process,
monitoring the variation of plasma density distribution along the acceler-
ation path. This system has been implemented in the SPARC bunker and
it has been used to characterize hydrogen filled capillary discharge. To
complete the characterization of these capillaries, the discharge current
profile has been characterized. The same diagnostic tool has been used
4to study how to proper engineering of the longitudinal plasma density
can be performed with laser trigger ablative capillaries whose prototyping
cost is negligible, thanks to relatively fast manufacturing processes and
their cheap materials. This investigation leads to measure the effect of the
tapering of the capillary on the plasma density distribution along the whole
capillary length. Tailoring the density from the beginning to the end of
the interaction let to preserve the beam quality after the acceleration, but
also it ensures the matching between the beams and the plasma. Finally, I
implemented a Mach-Zehnder interferometer to detect the plasma density
along the propagation length of a laser pulse in a gas-jet for self injection
LWFA experiments performed at SPARC_LAB.
This thesis is organized as follows. In the first chapter (Chapter 1) will be
given an overview of the plasma acceleration technique, the basic plasma
theory and acceleration mechanisms will be introduced. In Chapter 2 will
be described the facilities used for this work and the plasma-based ex-
periments that are scheduled for the next years, based on the PWFA and
LWFA, both in internal and external injection configuration, and the prin-
cipal plasma sources needed for these experiments characterized during
this work. The third chapter (Chapter 3) is devoted to the description of
the diagnostics implemented for the analysis of the plasma sources under
investigation: the Stark broadening spectroscopic analysis for plasma den-
sity confined into capillaries and the interferometric technique, used for
plasma generated by a laser in a gas jet during LWFA experiments. Both the
physical principle and the methods to analyze the experimental data will
be described. The experimental results of the investigation obtained with
these diagnostics are exposed in Chapter 4. In this chapter will be studied
the discharge produced in hydrogen filled capillary, with its current profile
and its variation caused by the different geometry of the capillary or by the
different discharge circuit implemented. Moreover, the effect of the tapering
on the plasma density distribution along the capillary has been measured
with the use of laser trigger ablative capillaries and the results are here
shown. Finally, in the Chapter 5 the description of the plasma produced by
a laser impinging on a gas jet and analyzed with interferometric technique
will be given. The good reliability of the laser allowed to characterize the
electron beam properties produced with the LWFA as well to detect the
evolution of the ionization front of the laser during his propagation into
the gas.
Chapter 1
Plasma Acceleration
This chapter concerns the theoretical background of plasma acceleration,
which actually drives the interest on more advanced techniques to increase
the energy of the particles in much less space than the one actually needed.
A brief history of the particle accelerators and advanced techniques devel-
oped to improve them will be exposed. This leads to describe the principal
motivations which aim the plasma-based acceleration, whose high gradient
make it one of the most promising technique for future compact particle
accelerators, and the principal motivations which encourage to continue
the research in this field. An overview of the main plasma physics related
with the plasma acceleration will be also given. Finally, in the last section
will be explained the different schemes on which are based the experiments
that are the motivations for this thesis. Particle and laser driven plasma
acceleration, both in self-injection and external injection, will be introduced
in order to highlight the difference and the advantages of each technique.
1.1 History of Plasma Acceleration
Particle accelerators are the tools that scientists prefer to investigate
the new frontier of the fundamental forces of the nature. Their use is
widespread in almost every field of the society, from medicine to indus-
try, manufacturing, energy and so on. These devices accelerate bunches
of particles that have been extracted from some molecular structure and
shows an electrical charge. As well plasma is a common state of the matter
that can be seen almost everywhere, from the sun to the fire on Earth. It
consists in charged particles, like the particles of the accelerating bunches,
that, under precise conditions, act as a fluid. The discover of the plasma
is indeed strictly related to particle accelerators, in which the particles are
5
6Figure 1.1: Schematic of the tube used by W.Crookes for showing the "Radiant Matter"
to the British Association for the Advancement of Science the 22th of August 1879 [4].
The pole in the center is negative and has the form of a metal disk, other poles are at
each end.
accelerated after being isolated.
The first scientist who investigated plasma physics and probably the first
one who produces an home-made particle accelerator was William Crookes,
in 1879 [4], who studied the residual gas in the vacuum tubes that he built.
Under some conditions, the gas contained in what he called "highly ex-
hausted" vessels changed its properties: the particles contained in it, ac-
celerated by two electrodes, showed a mean free path (i.e. ”the average
distance a particle can travel before entering into collision”) comparable
with the dimensions of the tube. This make the molecules cross the tube
with relatively few collisions, and radiating light due to their impact on the
charged pole in the center of the tube as represented in Fig. 1.1. His studies
let to look at these gases as the fourth state of matter, whose properties
depends on the mean free path of the particles. Crookes named this new
state of matter as "Radiant Matter" 1, a state of matter "as far removed from
the state of gas as a gas is from a liquid".
It was Irving Langmuir [5] in 1928 who called "plasma" the "region con-
taining balanced charges of ions and electrons" in a strongly ionized gases.
Langmuir was investigating the oscillations produced in a mercury arc with
1Crookes choose this name in honour of Faraday, who argued in 1816 that as the same
matters changes from solid to liquid then gaseous state annihilating some characters, so
happens when matter radiates light then pass from the gaseous state to "radiant" state.
Crookes knew that all these states are composed by the same particles, but the unique
properties of what he observed in highly exhausted vessels justify, in his opinion, the
application of this borrowed term
7accelerated electrons produced by an hot cathode (now called Langmuir
waves). The name "plasma" derives from the ancient Greek word of "jelly",
so was called at the end of the XIX century the transparent liquid that
carries corpuscles in human blood. Langmuir was reminded of the way
blood plasma carries red and white corpuscles by the way an electrified
fluid carries electrons and ions.
This is the genesis of Plasma Physics. From the earlier theories of Langmuir,
plasma physics spreads in many fields from astrophysics (Alfvén is the
most famous scientist who investigated plasma motion in solar events) to
military application (the H-bomb over all). Was in the ’60s when thermonu-
clear fusion research was declassified that the theoretical plasma physics
first emerged as a mathematically rigorous discipline [6].
The study of the astrophysics mechanisms for particle acceleration and the
increasing knowledge, on both the experimentally and theoretically, on
plasma lead to a deeper link between this field of research and the parti-
cle accelerators. An important scientist who fed this interest was Veksler,
who in 1956 proposed to CERN to use the interaction between clusters
of charged particles and plasma for improving the particle accelerators
gradient [7]. A more accurate work was published by Tajima and Daw-
son in 1979 that firstly proposed to use laser excited plasma waves to
accelerate electrons [8]. The improvement of the laser technology, of the
simulation techniques, and the increasing number of dedicated laboratories
have increased the interest in plasma-based acceleration and nowadays it
is considered a promising alternative for future particle accelerators [2].
In 1985 Clayton [9] first demonstrate experimentally the utility of this tech-
nique using the so-called Laser Beat-Wave technique (LBWA) to accelerate
electrons with laser plasma interaction. This primitive technique lied on the
fact that only the resonant excitation aroused by two matched laser pulses
can generate large amplitude plasma waves. This assumption became ob-
solete with the invention and diffusion of the Chirped Pulse Amplification
(CPA) technique, that let to produce ultraintense laser pulses with pulse du-
ration of the order of the picosecond and even shorter, making possible the
Laser Wake Field Acceleration (LWFA). Recently experimental results have
pushed the research activities in this direction, since acceleration of > 1
pC charges up to the GeV has been demonstrated in very short interaction
distance with the use of laser guiding gas-filled capillary [10]. However, the
quality of the accelerated beams with laser-plasma acceleration techniques
remains lower than expected, since the energy spread and the shot-to-shot
repeatability remain a strong issues. Many efforts have tried to reduce this
effects, by controlling the injection with a counter propagating laser [11], or
by properly engineering the plasma density [12], or by externally inject a
8high quality pre-formed electron beam [13].
In parallel electron-driven excitation of the wakefield has been studied, in
order to combine the advantages of the high plasma gradient with the beam
quality of an external injection technique, preserving the quality of the elec-
trons produced externally e.g. by a photocatode. Recently electron-driven
external excitation, also named Plasma Wakefield Acceleration (PWFA), has
been experimentally demonstrated with a single driver bunch and a single
accelerated beam (usually referred as witness beam) [14], still showing
a 2% energy spread (much higher than RF based accelerator) and a low
acceleration efficiency.
Actually the role of plasma-based accelerators is still argument of debate,
even if its importance has been recognized by the scientific community.
The feasibility of electron-positron colliders driven by plasma [15] is under
discussion and led to a lively debate between the scientists [16, 17, 18].
At the same time this acceleration mechanism attract great interest for re-
search in fundamental physics and astrophysics [19, 20] and many facilities
for medicine and industrial applications are currently open to discussion
[21, 22].
1.2 Why use Plasma acceleration
A fundamental theorem of the accelerator physics, called Lawson the-
orem [23], says that it is impossible to accelerate relativistic particles in
vacuum under the following conditions:
1. The electromagnetic (EM) field is in vacuum with no walls or bound-
aries present
2. the beam is highly relativistic along the acceleration path (v ∼ c)
3. no static electric or magnetic fields are present
4. particle radiative effects are neglected
5. the region of interaction is infinite
6. ponderomotive (nonlinear) effects are neglected.
In order to achieve a nonzero energy gain, one or more of the above as-
sumptions must be violated.
Earlier particle accelerators indeed used static electric fields to accelerate
9particle. But high static fields are difficult to produce, moreover a metal
support cannot sustain higher electric fields due to breakdown limit that
will melt the surface. For that reasons, high energy particles accelerators
use time-varying radio frequency (RF) electromagnetic (EM) fields to accel-
erate particles. In these devices the interaction between the electromagnetic
wave and the particles happens in a confined space (the so-called ’resonant
cavities’). These accelerators can sustain accelerating gradient of the order
of tens of megavolts per meter without incurring in breakdown because the
resonant modes of the cavity let to concentrate the most of the energy in the
center of the structure lowering the energy to dissipate on the walls. Huge
laboratories of several kilometers have been built to accelerate charged
particles over some TeV and their dimensions are dictated mainly by the
fact that even in RF cavities the electric field that can be send into them
is limited. This limit is expressed by an empirical law called Kilpatrick
criterion [24].
The Killpatric criterion says that at sufficiently high fields, room-temperature
copper cavities will suffer electric breakdown. The detailed mechanism
of this breakdown is not well understood, but it may be initiated by elec-
tron field emission and it has been suggested that protons originating on
the surfaces or perhaps from hydrogen in the residual gas are involved
in the discharge. In the 1950s, W. D. Kilpatrick analyzed the data on RF
breakdown and defined the conditions that would result in breakdown-free
operation. The Kilpatrick results were expressed in a convenient formula
by T.J. Boyd [25]
f(MHz) = 1.64E2ke
− 8.5
Ek (1.1)
where f is the frequency and EK in MV/m is the Kilpatrick limit. When
Kilpatric has established his experiment technical level of fabrication of
copper cavity and clean vacuum was poor than nowadays. Even though
this criterion is not considered today’s standard, RF cavity designers use to
use it as a conservative criterion [26]. By inverting formula 1.1 it is possible
to see that the Killpatrick limit increases with increasing frequency. Over
that limit a breakdown may occur damaging the structure and destroying
the beam passing through it. Higher frequencies allow higher gradients,
but also need for smaller cavities then lower tolerances for their machining
and for their alignment. Nevertheless optical frequency accelerator based
on optical cavities is currently under study [27, 28].
Even if other kind of electro-magnetic resonators, like superconductive
cavities, do not respond to the Kilpatrick criterion and allows for higher
gradients, the actual limit for the accelerating structures is∼ 100 MV/m [2].
This is why to reach higher energies circular machines are commonly used:
10
Figure 1.2: Schematic layout of the ILC from the Tecnical Design Report [30].
even if it is not possible to feed particles with higher fields it is possible
to force them passing many times through the same cavities giving them
much more energy than single pass machines.
Unfortunately, even these machines have many issues. Lighter particles
indeed loose energy every deflection, irradiating energy with the so-called
synchrotron radiation, limiting the curvature radius (then increasing the
dimension) of the accelerator. For that reasons the largest accelerator ever
built (the Large Hadron Collider at CERN) uses protons and ions instead
of leptons (like electrons and positrons). For fundamental research, leptons
allowed more precision measurements because they couples only to the
electroweak interactions, while hadrons and ions have much more effects
to face off. This is why the most important laboratories in nuclear physics
are planning to built longer electron and positron linear accelerators to
investigate matter. The ILC project at CERN (in Fig. 1.2) is planned to be
composed by two 11 km main linacs, fed by 1.3 GHz super conducting
cavities operating at an average gradient of 31.5 MV/m to reach particle
energies of 250 GeV [29].
Plasma, due to its nature, let to contain higher acceleration gradient over
100 GV/m [2] without being damaged. Potentially, with its gradient it is
possible to accelerate the particles to the same energy of ILC in few meters.
These extremely large wakefields are the most important reason that has
motivated the plasma accelerator community over the last years to inves-
tigate the details of using plasma as accelerating structures. The physical
reason why plasmas can support those high gradients is the collective effect
11
of the plasma electrons whose details will be described in the next sections.
In plasma acceleration the EM wave can accelerate particles due to the
interaction of a medium, the plasma, which breaks the first condition of
the Lawson theorem. It is important to stress that plasma does not provide
energy, but it is just a medium in which energy can be transferred from an
source (that can be laser beam or a particle beam itself) to the particles.
Nevertheless, plasma introduces also some important problems, such as
instabilities, collision and radiative processes not present in actual ”conven-
tional” accelerators. Moreover, it is actually a challenge to maintain such
high gradient for long distance, at least of the order of meter. The success
of the future plasma accelerator will rely on maintaining this nice collective
behavior over long enough distances and many proposed solutions will be
exposed in the next section.
1.3 What is plasma
Differently from the other state of the matter, plasma do not suffer of
breakdown and at the same time shows collective effects which are used
in plasma based acceleration to transfer energy to an accelerating particle.
In this section, will be introduced the physics of the plasma related to the
principal acceleration mechanisms.
Plasma is usually defined as a quasi-neutral gas of charged and neutral
particles in which collective effects dominate over collisions [31, 6].
In a plasma, an important fraction of the gas must be ”ionized”, in sense that
electrons and ions are separately free, even if their motion is still strongly
affected by each others’ electromagnetic fields generating the ”collective
effects”. From this point of view, the particles show motions that depend
not only on the electric and magnetic field of the nearby charges, but also
on the state of plasma in the further regions as well. The enormous variety
of the collective dynamical modes of plasmas shows the complexity of this
state that is reflected both temporally and spatially.
On the other hand, plasmas resulting from ionization of neutral gases
generally contain equal numbers of positive and negative charge carriers
in which the electromagnetic mechanisms of shielding tend to neutralize
field perturbation on macroscopic scale. In this sense, the plasma is called
”quasi-neutral” (”quasi” because there are always small deviations from
exact neutrality that lead to important dynamical consequences for certain
types of plasma model). Strongly non-neutral plasmas, which may even
contain charges of only one sign, are also possible and arise in particular
experimental conditions: their equilibrium depends on the existence of
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intense fields that confine the particles. In that sense, the particle bunches
of a RF accelerator can be treated in some cases as a plasma.
These concepts can be quantified studying the shielding effect of a plasma,
also called as Debye shielding. This effect is modelized within the hydrody-
namic approach of a plasma and it is of crucial importance in plasma-based
acceleration techniques.
When isolated, the electric field of a charged particle, that can be either
positive or negative, diminishes as the square of the distance to the particle.
However, since plasma charges are free to move, if the same particle is
surrounded by plasma a cloud of closer particles of opposite charge will
shield this field, and no electric field would be present in the body of the
plasma outside of the cloud. If the plasma particles have an average motion
given by its thermal agitation T , then the particles at the edge of the cloud,
where the electric field is weak, have enough thermal energy to escape
from the electrostatic potential well. So the edge of this cloud occurs at the
radius where the potential energy is approximately equal to the thermal
energy of the particles and the shielding is not complete. This leads to a
leakage of potential of the order of kBT/e in the rest of the plasma letting
to a small electric field to exist in the rest of the plasma.
Considering an electron distribution on a uniform and immobile back-
ground of positive ions in thermal equilibrium with the electric potential
φ of the plasma. The energy of an electron in this potential is eφ, which is
independent of its momentum, so the electron density distribution, ne, is
given by the Boltzmann relation
ne = n0 exp(eφ/kBTe) (1.2)
where e is the electron charge, n0 is the density of the fixed background of
positive ions, kB the Boltzmann constant and Te the electron temperature
in Kelvin, which will be better explained below. The electrostatic potential
of an hypothetical particle of charge Ze placed at the origin of the axis is
given by
∇2φ = −Zeδ(r)− en0
[
1− exp
(
eφ
kBTe
)]
(1.3)
Assuming that the perturbation is small,i.e. eφ/kBTe  1 then it is possible
to expand the exponential in its Taylor series. Since the electrostatic po-
tential is spherically symmetric, assumed that the plasma is isotropic, by
Fourier transforming and then inverting to obtain the exponential decay
length the following equation can be obtained [32]
φ(r) =
Ze
r
exp
(−r
λD
)
(1.4)
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Figure 1.3: Drawing of the Debye shielding acting on a perturber positive charge
placed into a neutral plasma composed by the same number of negative and positive
charges. The potential φ of the perturbing charge is e−1 its initial value at the distance
of λD from the particle.
where r is the radial distance from the particle, and λD is the distance at
which the electrons shield out the field of a charge. This distance is called
Debye length, and it is defined as
λD =
√
0kBTe
nee2
(1.5)
where 0 is the dielectric constant in vacuum. A representation of the Debye
shielding can be seen in Fig. 1.3. It is interesting to note that the Coulomb
potential decay as 1/r, while the Debye potential as 1/r · exp
(
−r
λD
)
, then
faster. When the plasma is sparsely populated, λD  r these two potential
get closer. In the definition of the Debye length it is used only the electron
temperature because they are more mobile than the ions then they shield
any perturbation sooner. In particular cases when a strictly steady state
happens, both ions and electrons follow the Boltzmann relation of equation
1.2 and the Debye length have to take into account both the temperatures
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[31].
If the Debye screening length is short compared to the physical size of the
plasma (L), any local perturbation in the plasma caused by an external
potential are shielded out. It is trivial to stress that the concept of Debye
shielding is statistically valid only if there are enough particles in the cloud
to shield the perturbing potential. To quantify this concept, it is then defined
as ”Debye sphere” the sphere of radius λD, and the average number of
particles contained in this sphere ”plasma parameter” Λ
Λ =
4
3
nepiλ
3
D (1.6)
Finally, it remains to quantify the importance of the collisions of charged
particles with neutrals. In case of a weakly ionized gas, it may happen
that particles collide so frequently with neutral atoms that their motion
if much influenced by hydrodynamic forces rather than electromagnetic
forces, being more like a neutral gas instead of a plasma. Then the mean
time between collision with neutral gas τ must be larger than the normal
motion of particles caused by plasma oscillations ωp.
All these conditions which define a plasma can be summarized by the
following equations: 
λD  L
Λ 1
τ > 1
ωp
(1.7)
1.3.1 Plasma temperature
In the previous section has been mentioned the concept of ”temperature”
of plasma. This parameter will be introduced and defined here because of
its great impact on the plasma diagnostic and on the density distribution in
plasma capillaries. Then it is important to define this parameter stressing
its physical meaning.
If we consider a one-dimensional system at the equilibrium [31, 6], the
particles have a Maxwellian distribution function in the phase space given
by
f(u) = A exp
(
−1
2
mu2/kBT
)
(1.8)
where u is the velocity. The particle density n is then given by
n =
∫ +∞
−∞
f(u)du (1.9)
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Solving the Gaussian integral of eq. 1.8, and combining this results with the
previous equation 1.9, it follows that the constantA is equal to n
√
m/2pikbT .
And, as well as the width of the distribution, it is characterized by the
constant T that can be defined as ”temperature” of the particles described
by the distribution function. Indeed, if we compute the average kinetic
energy of particles in this distribution, defining vth = (2kBT/m)
1/2 and
y = u/vth, we obtain
Eav =
1
2
mAv3th
∫ +∞
−∞ y
2 exp(−y2)dy
Avth
∫ +∞
−∞ exp(−y2)dy
(1.10)
Solving the upper integral by parts, we obtain
Eav =
1
4
mAv3th
Avth
=
1
4
mv2th =
1
2
kBT (1.11)
then the average kinetic energy of the particles directly depends on the tem-
perature. Extending the previous result to a three dimensional distribution,
since the Maxwellian distribution is isotropic, using the symmetry of the
distribution, we obtain that in general the average kinetic energy E ′av is the
average kinetic energy in the 1D case multiplied by the degree of freedom:
E ′av =
3
2
kBT (1.12)
Due to this deep relation between temperature and kinetic energy of the
particles, in plasma physics the temperature is usually given in unity of
energy, i.e. in eV. To avoid confusion with the number of degree of freedom
involved, usually the ”plasma temperature” is referred to the product kBT ,
so the Eav for the system under analysis can be easily recovered if needed.
In general, 1 eV corresponds to 1.6 · 10−19 J, or 11600 K.
Following what we have defined, plasma can have several temperature
at the same time, because the different species (or particles) contained in
it have separate distributions. The kinetic temperature of every species
contained in a plasma is essentially the average kinetic energy of particles
of these species each one may reach independently its own thermal equilib-
rium due to the different collision rate between particles of the same species
and of different one, so the different temperatures may need long time to
equalize. In general, assuming that both ion and electron in a plasma have
the same temperature, the thermal velocity between these species differs a
lot
vth,i ∼
√
me
mi
vth,e (1.13)
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In this dissertation for plasma temperature, except when differently de-
clared, refers to electron temperature.
The maximum temperature of typical plasma for acceleration experiments
is not higher than 110000 K, which corresponds to almost 10 eV. The ther-
mal velocity of the electrons in that case do not exceed the value of 1.3 · 106
m/s which is much slower than the velocity of light at which the excitation
of the plasma waves propagates. Then the temperature does not affect the
acceleration process.
1.3.2 Plasma frequency
The most fundamental time scale in plasma physics, especially for
plasma acceleration processes, is the plasma frequency. The plasma fre-
quency is the linear response of a plasma when excited by an external
perturbation. In general in a plasma every species react to perturbations
with different reaction time. Electrons, which are usually lighter and faster
than other particles, have the fastest response then it is the most important
for EM propagation.
Small deviations from the quasi-neutrality in a plasma result in electron
density perturbations called plasma or Langmuir waves [31]. This is caused
by the reaction of the particle electric field which try to restore the neutrality
by pulling the electrons from the regions where they are more abundant
and simultaneously attracting them where positive charges are more. Ions
in that time remain almost stationary because they do not have time to react
due to their higher mass. The inertia of the electrons let them to overshoot
the equilibrium position then they start to oscillate with a characteristic
frequency. The formed density modulation is called plasma wave and pro-
duces a spatially periodic electric field which oscillates with the so-called
plasma frequency. If we consider an infinite plasma, neutral at rest, with no
magnetic field applied, and with the particles that moves in only one di-
mension we can write the Gauss law, the equation of motion and continuity
equation for the one-dimensional case as follows
∇ · E = ρ
0
=
e (ni − ne)
0
(1.14)
mne
[
dve
dt
+
(
ve · ∇
)
ve
]
= −neE (1.15)
dne
dt
+∇ · (neve) = 0 (1.16)
where e represents the electron charge, ρ the charge density, ve the electron
velocity, ni and ne the electron and ion density. If the amplitude of the
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oscillation is small, the formula can be ”linearized” by neglecting any
higher order contribution in the equation. It is also possible to separate
the contribution of the perturbation from the equilibrium in each variable,
obtaining in a one dimensional situation a static oscillation
∇ · E1 = −ene_pert
0
(1.17)
where ne_pert is the density variation of the electrons caused by the pertur-
bation. If we assume that all the perturbed quantities variates sinusoidally
with non-relativistic motion, after some mathematical passages [31] it is
possible to finally obtain the plasma frequency value, which is (in rad/s)
ωp =
(
n0e
2
0me
) 1
2
(1.18)
From formula 1.18, it is evident that ωp does not depend on the wavenumber
k, then the group velocity of the wave, defined as vg = ∂ωp/∂k, is zero then
the disturbance does not propagate. On the opposite, since k and ωp are
independent, the phase velocity vp = ωp/k is arbitrary and depends on k.
1.3.3 Electromagnetic wave propagation in plasma
Wakefield in some acceleration schemes are driven by a laser pulse
which propagates into it. Moreover, a low energy laser can be sent into a
plasma to probe its properties. The behavior of a laser pulse inside a plasma
is then mandatory to study the laser propagation into it.
Lasers and light in general have to respect the wave equation applied to
the medium in which the light is propagating [33]. For transverse waves,
this equation is the following
∇2E = ω
2
p
c2
E +
1
c2
∂2E
∂t2
(1.19)
By decomposing the wave E in a sum of harmonic traveling waves, the pre-
vious formula can be solved with the dispersion relation which determines
the propagation of e-m waves in a plasma
ω2 = ω2p + k
2c2 (1.20)
Which relates the the temporal frequency of the wave to its wave number k
and to the plasma response, in this case the plasma frequency ωp. By this
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equation it is possible to derive the group velocity of the light from its
definition
vg = ∂ωp/∂k = c
√
1− ω
2
p
ω2
(1.21)
Group velocity describe the envelope propagation of a wave packet, then
it is associated with the energy flow on the wave. Phase velocity, which
describes the speed at which the phase of any frequency component of the
light propagates, can be also derived
vp =
ω
k
=
√
c2 +
ω2p
k2
=
c
η
(1.22)
where η is the plasma refractive index. Its values is given by the following
equation
η =
√
1− ω
2
p
ω2
(1.23)
The refractive index of a plasma is always smaller than 1. This means
that in a plasma the phase of a laser pulse is always faster than light,
while its group velocity is necessarily lower. Imaginary refractive index
corresponds to an evanescent wave, in that case the plasma density is
so high that the light of a given wavelength cannot propagates through
it (overdense plasma) and the radiation is totally reflected. The density
threshold at which a laser of given frequency cannot propagates into the
plasma anymore is the critical density nc. Plasmas with density lower than
nc are called underdense plasmas.
1.3.4 Ponderomotive Force and laser strength parameter
Intense lasers propagating in an underdense plasma produces a force
which expels electrons from the region where the electric field is higher
generating a perturbation used in laser driven acceleration schemes to
drive the wakefileds. This force is usually referred as ponderomotive force
whose theory in the relativistic regime is not trivial and has been a subject
of considerable controversy [34]. Here we will introduce the basic formulas
of the ponderomotive force in the linear regime [33], the reader may found
an extended discussion about the relativistic case in literature [34, 35].
An important parameter in the discussion of laser-plasma interactions is the
laser strength parameter a0, defined as the peak of the normalized vector
potential A of the laser field [2]. a0 = eA/mec2. The parameter a0 is related
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to the intensity I0 and the power P of the laser pulse by the simplified
formula
a20 ∼ 7.3 · 10−19 [λL(µm)] I0(W/cm2) (1.24)
where λL is the laser wavelength. According to the laser intensity two
different working regimes exist: the low intensity (or linear) limit where
a 1 and the high intensity (or nonlinear) limit where a 1.
Ponderomotive force is the force that in laser driven plasma acceleration
leads the wakefield. A possible way to derive the ponderomotive force
in non relativistic regime is to consider the response of an homogeneous
plasma to a high frequency field whose amplitude is spatially dependent
[33, 34], i.e. E = E(x) sinωt, where ω ≥ ωp. By neglecting the electron
pressure, and since the heavier ions are too slow to react in this time scale,
the force equation of the plasma can be written as
∂ve
∂t
+ ve · ∇ve = − e
m
E(x) sinωt (1.25)
where ve is the plasma electron mean velocity. To lowest order, then neglect-
ing the second term of the left part in the equation, we have
∂ve
∂t
= − e
m
E(x) sinωt (1.26)
ve =
eE
mω
cosωt (1.27)
The electrons simply oscillate in the local electric field. By averaging the
force equation over these rapid oscillations and introducing previous equa-
tions, one can obtain
m
∂vav
∂t
= −eEav − 1
4
e2
mω2
∇E2(x) (1.28)
The electrons then feel a force which pushes them away from the regions
of high field pressure. This force is called ponderomotive force
F p = −
e2
4mω2
∇E2(x) (1.29)
which can be also written as F p = ∇a2mec2/2. The time averaged energy
density of motion in the electric field plays the same role of the ordinary
pressure [33], and it depends on the laser envelope not on the value of E
which oscillates sinusoidally. This pressure creates the perturbation which
lead to wakefield formation in laser driven plasma acceleration.
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By defining Up = e2|E|2/4meω2L as the ponderomotive energy (representing
the cycle averaged energy of a free electron in an electric field E), it is
possible to calculate the velocity of the electron moved by the electric field.
When the ponderomotive energy becomes comparable with the electron
rest energy, i.e. ∼ 511 keV, the relativistic approach of the electron has to be
considered. The relativistic formula for the ponderomotive force is[34]
F p = −mec2∇γ ' −mec2∇
(
1 +
e2E2
m2ec
2
) 1
2
(1.30)
where γ =
√
1 + p2⊥/m2ec2, with p
2
⊥ the transverse momentum of the parti-
cles respect to the laser propagation. For a laser in the near-infrared and
visible ranges, the relativistic regime for the electron starts at intensities
larger than 1018 W/cm2.
1.3.5 Local Thermal Equilibrium
We have introduced the basic properties of the plasma, now will be
described the statistical concept of thermal equilibrium, which is fundamen-
tal for modelizing the behavior of a plasma and its radiation, particularly
important for spectral analysis and plasma diagnostics.
In a plasma the knowledge distribution of the populations of various states
of atoms or ions and of the free electron density for specified temperature,
pressure and chemical composition into a ionized gas is compulsory to
predict the radiative behavior of a plasma. This is needed for spectroscopic
analysis which allows to detect many plasma properties like the electron
density or the temperature by the analysis of the self emitted light of the
plasma. Usually it is not possible to guarantee a complete equilibrium, then
a time dependent analysis is necessary. For high pressure plasmas, like the
ones produced in gas-filled and ablative capillaries [36], one type of local
equilibrium is attained usually named Local Thermal Equilibrium (LTE).
LTE can be reached when locally in the plasma recombination and ion-
ization process can be assumed negligible in the observation time scale,
which in case of pure hydrogen plasma is of the order of some hundreds of
nanoseconds. When it happens, all the plasma particles (including ions and
free electrons) have a velocity distribution given by the Maxwell law and
the atoms adopt a state population given by the Boltzmann distribution
[37, 38, 39]. The ionization population distribution is consequence of the
”law of mass action” [38], which governs the equilibrium densities of the
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reacting species. The relative population of the ionization states in thermal
equilibrium is given by the Saha-Boltzmann equation
neni+1
ni
=
gi+1
gi
[
2m3e
h2
(
2piTe
me
3/2
)]
e−χi/Te (1.31)
where χi is the ionization potential, Te is the thermal electron temperature
expressed in eV and h is the Plank constant. The Saha-Boltzmann equation
is valid in LTE and for weakly ionized plasma, i.e. if the Debye length is
large and lowering of the ionization potential is negligible.
The emission factor of a spectral line in LTE is [37]
nk =
hνnk
4pi
Ankgn
S
N exp (−E/kBTe) (1.32)
where νnk and Ank are the emission frequency and the transition probability
of the transition n −→ k, kB is the Boltzmann constant, N the ion concentra-
tion of the emitting element, E the energy of the transition, gn the statistical
weight of the n-th energy level, and S the statistical sum with respect to all
the possible states
S =
nmax∑
n=1
gn exp
(
− En
kBTe
)
(1.33)
Experimental values of previous can be found in [40] or in NIST database
[41].
All the introduced concepts will be applied in the next sections.
1.4 Overview on plasma acceleration
In a plasma accelerator, the role of the accelerating structure is played by
the plasma which can sustain high electric fields without being damaged.
Like an electromagnetic cavity transfers the energy from the EM field to
particles, plasma transfers the energy stored in plasma waves, excited by
either a particle or a laser beam, to particles. Plasma then can be considered
as a medium to transfer energy from one source to particles and it does not
furnish additional energy by itself. A schematic of the acceleration process
is shown in Fig. 1.4. A plasma overall is electrically neutral, containing
equal amounts of negative charges (electrons) and positive charges (ions). A
pulse injected externally from an intense laser or particle beam perturbs the
plasma by pushing the lighter electrons away from the heavier positive ions
which do not have time to react due to their inertia. In fact two regions of
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Figure 1.4: Schematic of plasma based acceleration. The wake produced by a driver
pulse, either a short laser pulse or an electron beam, produces a longitudinal wakefield
along the travel direction which is higher in the bottom of the wake. This field is felt
by a second beam which gain energy from it and is accelerated. This image has been
taken from [42].
positive and negative charge are formed. The disturbance forms a wave that
travels through the plasma at about the speed of light. As a consequence, a
powerful electric field rise up from the positive to the negative region and
accelerates any charged particles that come under its influence.
The most used plasma acceleration schemes can be classified in two main
categories: the laser and particle beam driven layouts. In the first case a
laser pulse is required to form an electron plasma wave, while in the second
one the electron plasma wave is formed by the space charge produced by a
particle bunch, typically an electron bunch. Therefore, in the second case,
plasma accelerators do not replace existing machines but can extend them
to higher energies.
Many techniques have been developed in both these strategies, the main
aspects of the techniques related with this thesis work will be treated in the
next sections.
1.4.1 Acceleration gradient and wavebreaking
A simple estimation of the strength of the electric field which can be
excited in a ”cold” plasma (i.e. with negligible thermal velocity) in the 1D
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Figure 1.5: High amplitude plasma density perturbation. Driver pulse is a Gaussian
laser beam traveling from right to the left. This image has been taken from [2].
case can be obtained from the Gauss law
∇ · E = ρ
0
=
e(ni − ne)
0
(1.34)
The largest wakes occur when all the electrons are expelled from the cen-
tral region (”blown out”), then ne = 0 and ni = n0, where n0 is the un-
perturbed plasma density. If the background electrons of the plasma are
non-relativistic, and the electric field perturbation is a transverse sinusoidal
wave, previous equation can be written as
∇ · E = jkpE0 ' ωp
c
E0 =
e
0
n0 (1.35)
which leads to the so called ”cold wave breaking limit”
E0
[
V
m
]
=
mec
e
ωp = c
√
me
0
n0 ' 96
√
n0 (cm−3) (1.36)
This limit marks the amplitude at which a cold, non relativistic plasma
wave ”breaks”. When oscillation amplitude of the plasma become too large,
the restoring force acting on the plasma free electrons is not strong enough
to force the particles to a sinusoidal oscillation then the shape of the wake
starts to be decomposed. This limit can be exceeded when relativistic effects
become important and electrons of the background plasma at the bottom of
the wake may equal the group velocity of the driver pulse being ”trapped”
then accelerated.
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The physical reason why plasmas can support those high gradients lies in
the collective effect of the plasma electrons. Inside a plasma, indeed, the
free electrons can be manipulated together and forced to act coherently. The
drawback is that the wavelength of a plasma wave is very small since it
depends on the plasma wavelength λp = 2pic/ωp. This reduces the dimen-
sion of the bucket of the wave where particles are trapped and accelerated,
moreover the electric field felt by the accelerated bunch varies a lot along
the bucket dimension, increasing the energy spread of the particles. There
is a trade off between the accelerating gradient and the dimensions of the
accelerating structures which has to be taken into account during the setup
of plasma acceleration experiments.
1.5 Laser Wake Field Acceleration (LWFA)
When a single ultraintense (& 1017 W/cm2), ultrashort (. 1 ps) laser
pulse interacts with an underdense plasma, the ponderomotive force of the
focused laser pulse creates a longitudinal plasma wave in the wake of the
laser that propagates with a phase velocity close to the speed of the light in
vacuum [2]. Electrons trapped or injected in the wakefield will stay within
the focusing accelerating phase of the wave gaining energy from it.
Several regimes of LWFA has been investigated depending on laser inten-
sity, laser pulse duration and plasma density. The so-called "bubble" regime
[3] is actually the most used, since it leads to high peak energy electron
beam, relatively low energy spread, low divergence and short duration. In
this regime, the focused laser energy is concentrated in a very small sphere,
with radius shorter than the plasma wavelength.
The mechanism is schematically showed in Fig. 1.6. Focusing a high inten-
sity laser in a gas, the pulse immediately strips off the electrons, producing
plasma. The ponderomotive force of the laser bullet is high enough so that
the much lighter electrons are blown outward in all directions, leaving
behind the more massive ions. The restoring force acting on the parti-
cles pushes them to the center of the perturbation. When they reach the
laser pulse propagation axis, they overshoot it and end up traveling out-
ward again, producing a wavelike oscillation. The electrons actually form a
bubble-like structure, in the front of which there is the laser pulse. Inside
the bubble there are mostly plasma ions. The bubble dimension depends
on λp and it is of the order of 30 µm diameter in a 1019 cm−3 plasma. At this
point electrons are injected (by the plasma itself or by an external electron
source) in the trailing area of the bubble and experience an electric field
pulling them toward the positive charges inside the bubble.
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Figure 1.6: Wake field behind a 20 mJ, 6.6 fs laser pulse propagating in a plasma layer
from left to right. Cuts along the propagation axis show electron-density evolution of
plasma wave (green-blue) and high-energy pulse (orange-red) at different times dur-
ing the propagation. Color corresponds to longitudinal electron momentum. Dashed
line indicate the position of the laser pulse. This image has been taken from [3].
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The multiple wake and the curvature of the bubbles has been observed
with different techniques in the past [43, 44] and the injection of the electron
bunch has been detected [45] allowing to study more in details the LWFA
acceleration process. In LWFA the plasma essentially receives a kick from
the short laser pulse, therefore the total amount of energy required for a
full stage of the accelerator must be contained in a single pulse shorter than
a plasma period. The electric force of the plasma wave can never exceed
the ponderomotive force of the laser. For LWFA in the nonlinear regime
(a0  1) the maximum wakefield amplitude is
Emax
E0
=
a20√
1− a20
(1.37)
1.5.1 Dephasing length, diffraction length, and pump de-
pletion
One drawback of laser accelerators is their short acceleration length,
limited by the shortest of the following effects: dephasing length, diffraction
length, and pump depletion.
The dephasing length is caused by the slippage of the particles respect
to the phase velocity of the plasma wake. During the acceleration, the
accelerating particle rides from the top to the bottom of the potential well of
a plasma wave which dimension is almost half of the plasma wavelength λp.
Since the plasma oscillation is driven by the laser pulse, the phase velocity
of the plasma wave vp, described by equation 1.22, is equal to the group
velocity of the laser pulse propagating in plasma and described in equation
1.21. Considering that the accelerated particle moves at nearly the speed of
light, the particle outruns the wave (i.e. reaches the bottom of the potential
well located at λp) in a distance usually called dephasing length
Ldeph = c∆t =
λp
2
c
c− vg ∼
ω2L
ω2p
λp (1.38)
Over this length the particle passes the bottom of the plasma wave potential
well and begins giving energy back to the plasma wave as it proceeds up the
next potential hill. The resulting energy gain, sometimes called dephasing
limit, is described by
Wmax ' eE0Ld ' 2δn0
n0
γ2φmec
2 (1.39)
where γφ is the relativistic factor of the plasma wake and it is usually 30−40
in typical LWFA experiments allowing for GeV scale, δn/n is the density
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variation caused by the wake. In the last formula is more evident that the
lower is the electron density n0, the higher is the final energy that can be
obtained. Nevertheless, lower plasma density implies lower accelerating
gradient from equation 1.36 then longer interaction between particles and
plasma.
Diffraction length is caused by the diffraction of the laser after the focus.
Acceleration is possible only around the focal point of the laser: increasing
the laser spot results in a lengthener of the accelerator size and in a weak ac-
celeration gradient (like expressed in equation 1.37). A laser beam of power
P propagating along the z axis with a Gaussian transverse intensity profile
of the form I(r, z) = (2P/piw(z)2) exp(−2[r/w(z)]2), where r is the radial dis-
tance from the axis, has a spot size that varies as w(z) = w(0)
√
1 + (z/LR)2
where it is assumed the beam focused at z = 0. LR is the Rayleigh length
given by
LR =
pi(2σr)
2
λL
(1.40)
where σr is the focus root mean square (RMS) size of the laser. LR is equal to
the focal distance at which the axial intensity is reduced by a factor of two
from its value at focus, and consequently gives a measure of the length over
which diffraction causes the beam to defocus significantly. For the typical
values of many laser-driven accelerators (λ ∼ 1µm, w(0) ∼ 10µm) the
Rayleigh length is less than 1 mm thus, in order to extend the acceleration
length a bigger spot size is needed even if it results in a lower intensity.
Finally, the pump depletion length is the length in which the laser loses its
power. It can be estimated by equating the laser pulse energy to the energy
left behind in the wake. One expression of this length, reported in [46]
Lpd ∼
λ3p
λ2L
×
{
2/a2 a 1
(
√
2/pi)a a 1 (1.41)
To overcome these limits, many strategies have been theorized. Dephas-
ing length can be extended by controlling the group velocity of the pump
beam. This control can be achieved by modifying the index of refraction
through the reduction of the plasma density along the beam propagation in
the guiding channel [36]. Tapering of the capillary is a promising strategy
to variate locally the density allowing the electrons to remain in phase with
the bubble then increasing the dephasing length [47]. Pump depletion can
be overcome by the use of multi staging, then placing several consecutive
plasma-based sections fed with different pluses to drive the acceleration
[48]. Finally the diffraction of the laser can be limited with the use of capil-
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Figure 1.7: A plasma wake generated by an electron of 42 GeV driver bunch when
loaded by a trailing bunch. The plasma electron density is represented in blue, while
the electron beam density is represented in red [14].
lary waveguides which let to guide the laser over several Rayleigh length
inside the capillary [49, 36].
1.6 Plasma Wake Field Acceleration (PWFA)
Plasma Wakefield Acceleration (PWFA) [1] relies on a relativistic charged
particle bunch moving through a plasma that excites a wakefield in a man-
ner similar to that of an intense laser pulse. However, it does not reach a
larger acceleration gradients than those obtained by laser methods. The
advantages of PWFA respect to laser-driven techniques are many [50]. First,
the driver particles are not affected by severe diffraction like lasers. Then in
principle the same driver, if energetic enough, can drive wakes for several
meters while achieving a long range high power laser guiding is not easy.
Second, lasers compared with high energy (∼ GeV), high charge particle
bunches (∼ nC) provide lower energy and more entropic drivers with lower
repetition rate. On the other hands, particle-driven schemes need to ”waste”
many particle bunches that must be produced or by parallel accelerator
lines, increasing the dimension and the cost of the facility, or by the same
line, but reducing the maximum charge transported by the witness beam,
then the luminosity of the machine2 may be reduced.
Beam-driven and laser-driven methods have much physics in common.
2The luminosity of a machine is defined as the ratio between the number of collisions
per second and the cross-sectional area, i.e. L = f nb1nb24piσxσy
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While for a laser driver the ponderomotive force expels plasma electrons
and initiates a plasma wave, for a relativistic electron bunch the space
charge of the bunch is able to displace the plasma electrons and initiates a
wake. As in the laser-driven schemes, in the PWFA it is possible to consider
a self injection scheme, where an injected electron beam creates the plasma
wave and the accelerated electrons are captured from the plasma itself,
or an external injection in which one or multiple injected bunches, the
drivers, creates the plasma wave that accelerates another injected bunch,
the witness. This second scheme is actually the most promising because it is
not limited by dephasing since all the bunches (and the generated plasma
wave) travel at the same velocity. Furthermore, it straightforwardly allows
for staging, i.e. the possibility of having several consecutive plasma-based
sections, which can be used to run PWFA on over meter-scales by using
electron beam as a driver in the ultra-relativistic regime.
1.6.1 Transformer ratio
The PWFA is in principle a transfer since the energy lost by the driver
bunch (or bunches) is gained by the witness. Assuming kpσz '
√
2 and
kpσr  1, being σz and σr the bunch length and spot size, as a first approxi-
mation the amplitude of the wakefield for Gaussian drive particle beam is
[51]
Eacc[MV/m] = 244
Nb
2× 1010
(
600
σz [µm]
)2
(1.42)
where Nb is the number of particles in the bunch. The dephasing and
the beam diffraction are negligible for high energy driver bunches and
high-quality beams, i.e. β = γσ2r/n, being β the Twiss parameter, n the
normalized emittance and γ the Lorentz factor.
One of the main issues concerning wakefield acceleration is the limitation
on the energy that can be transferred from the driving beam to the trail-
ing beam. A useful parameter which describes the energy transfer is the
transformer ratio R, defined as
R =
E+max
E−max
(1.43)
that is the ratio of the maximum accelerating electric field E+max divided
by the maximum decelerating electric field E−max. By thinking to a mono-
energetic driving bunch exciting a wakefield, if within a distance L the
particle in the bunch that experiences the maximum decelerating field loses
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an energy ∆γmc2 = eLE−max, then the maximum possible energy gain for a
test charge behind the bunch is
∆Wmax = R∆γmc
2 (1.44)
with W denoting the energy. The result shows that the total energy gained
depends uniquely by the transformer ratio R and the energy ∆γ loosen by
the driver bunch [52]. The transformer ratio and the maximum accelerating
gradient represent therefore the two fundamental figures of merit in PWFA.
It can be proven that for any finite length bunch with a symmetric longi-
tudinal charge distribution, the transformer ratio is limited by R ≤ 2 [53].
It is a generalized version of the fundamental theorem of beam loading,
that is the process by which the wake produced by the accelerated bunch
significantly modifies the fields of the accelerating plasma wave. Beam
loading can be understood as the reverse process of the PWFA, in which the
bunch loses energy and the wakefield gains. As a consequence it limits the
beam current that can be accelerated, the quality of the accelerated particle
bunch and the efficiency of the plasma-based accelerator.
To overcome this limit many strategies have been developed. One of
them consists in using a train of multiple bunches to excite the wakes.
According to the distance between the driver bunches, different amplitudes
of the plasma wakefield can be produced. Each bunch needs to be placed in
the decelerating phase of the wake created by the preceding bunches, and
its charge needs to be increased such that the decelerating wakefield under
each bunch is the same, and the envelope of the beam density of the bunches
is a linear ramp. Each bunch independently produces a wakefield with a
spatial period equal to the plasma wavelength. While the driver bunches
only lose energy due to their own wakefield, the witness bunch samples the
superposition of the driver fields, and loses or gains energy depending on
its relative phase with respect to it. This phase can be controlled by tuning
the plasma density (and hence, the plasma wavelength). Specifically, energy
gain was expected at plasma densities such that the witness bunch samples
the second half-period of the plasma wave, i.e. when approximately λp/2 ≤
z ≤ λp being z the longitudinal coordinate along the plasma wave. In
such a way the wakefield cumulates each time the drive bunch arrives
and, because each increment is constrained by the transformer ratio, the
resultant total field exceeds the limit. For Nd identical driver bunches it is
R ≤ 2
√
Nd (1.45)
The limit of this scheme can be exceeded by using bunches different from
each other [50]. The drawback of these solutions consists in creating such a
multi-bunch structure, which requires complicated setups.
Chapter 2
Plasma based experiments at
SPARC_LAB
In this chapter will be shown the principal plasma-based experiments
scheduled in the Frascati National Laboratory of the National Institute of
Nuclear Physics (LNF-INFN). The facilities used for this work, part of the
SPARC_LAB project, will also be introduced: the linac SPARC and the high
power laser FLAME.
The scheduled plasma-based experiments are based on Plasma Wake-
field and Laser Wakefield Acceleration, both in self injection and external
injection schemes. The goal of the these experiment is to demonstrate the
possibility to combine the high gradients typical of the plasma-based ac-
celerators with the reproducibility, the stability and the beam quality of
the ”conventional” RF based accelerators to drive future compact FELs and
multi-staging colliders. The use of plasma-based techniques to control the
beam parameters, like the so-called active plasma lens, are also going to be
investigated. All these experiments will be described.
In order to control the plasma acceleration process and the particle bunch
properties, very reliable plasma sources are mandatory. The appropriate
plasma characteristics depend on the requirements of the acceleration
scheme. In external injection schemes, both laser or beam driven, a uni-
form, ”low” (1016 − 1017 cm−3) plasma density for centimeter scale length
is required, with sufficient transverse uniformity and relatively low tem-
perature (< 10 eV). Plasma filled capillaries well suit these requirements.
Two possible implementations, the laser trigger ablative [54] and the gas
filled [36] capillary discharge, will be described. On the other side, for self-
injection LWFA sources with higher density (1018−1019 cm−3) are preferred,
as much as possible free from turbulence and longitudinally homogeneous.
All these requirements are satisfied by gas-jet [55]. These plasma sources
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will be introduced in the last section.
2.1 The SPARC_LAB test facility
This thesis has been performed at the SPARC_ LAB test facility (Sources
for Plasma Accelerators and Radiation Compton with Lasers And Beams)
at the INFN National Laboratories of Frascati [56]. SPARC_LAB is a test
facility based on the unique combination of high brightness electron beams,
from the SPARC photo-injector, with high intensity ultra-short laser pulses,
from FLAME (Frascati Laser for Acceleration and Multidisciplinary Experi-
ments). Both the laser and the photo-injector can operate independently as
well as together for multidisciplinary experiments.
Recent experiments have used the peculiarity of this machine by producing
Thomson radiation source with the interaction between the high brightness
electrons of the photoinjector and the high power laser [57]. The two sys-
tems are synchronized by an optical distribution system that allows down
to tens of fs jittering between them [58, 57]. Measured peak to peak jitter
between the cathode laser pulse and the beam time arrival is lower than 10
fs and a conservative estimate of the overall effective time jitter is around
60 fs at the end of the linac, but may be lowered until 26 fs at the end of
the dogleg where it interacts with FLAME [58] due to the dispersion of
the dogleg line. Further experiments based on the external injection LWFA
technique will again use the expertise reached in the synchronization be-
tween these advanced machines [13].
Before introducing the plasma-based experiments scheduled at SPARC_LAB,
the two main facilities will be introduced, the linac SPARC and the high
power laser FLAME.
2.1.1 SPARC photoinjector
The SPARC project has been mainly devoted to the research activity on
ultra-brilliant electron beam photo injector and on free-electron laser (FEL)
physics. The test facility hosts a 180 MeV high brightness photo injector
[59] which feeds a 12 m long undulator. A schematic of the facility is rep-
resented in Figure 2.1 and the main characteristics are exposed in Table
2.1. The machine layout let the investigation of several beam manipulation
techniques and linac matching schemes, as the emittance compensation
process in the gun region [60], the velocity bunching scheme to apply an RF
beam compression through the photo injector with emittance preservation
[61], the experimental observation of the double-emittance minimum [62].
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Table 2.1: SPARC photo-injector main properties
Energy 30-180 MeV
Energy Spread ∼ 0.01 % - 1 %
Charge 10 pC - 1 nC
Bunch length range (FWHM) 100 fs - 10 ps
normalized emittance 1-3 mm mrad
Max Rep. Rate 10 Hz
Spot size 5 - 20 µm
The expertise acquired on the repeatable and stable production, manipula-
tion and control of high brightness electron beams enabled the observation
of FEL radiation in the SASE [63], Seeded [64] and HHG [65] modes with
wavelength from 500 nm down to 40 nm. In addition a high power RF
linac based THz radiation source has been installed at SPARC and fully
characterized [66].
Recently the SPARC LAB activity has been mainly focused on the ma-
nipulation of a train of short electron bunches generated by means of a
new technique called Laser Comb which has been successfully tested and
detailed reported in [67]. In this operating mode the photocathode is illumi-
nated by a comb-like laser pulse to extract a train of electron bunches which
are injected into the same RF bucket of the gun. The SPARC laser system,
based on a Ti:Sa oscillator has been upgraded to produce a train of short
electron bunches, of the order of hundreds of femtoseconds or less, with
picosecond time separation. These kind of beams are routinely generated
at SPARC LAB for several applications: tailored electron beams modulated
both in time and energy have been characterised and used to customise the
emission bandwidth and temporal properties of radiation sources such as
free-electron lasers [68] and THz radiation sources [66, 69]. Train of short
bunches have been produced using RF compression by velocity-bunching
for PWFA applications [58] and for LWFA [70].
2.1.2 FLAME laser
The FLAME laser system is a nominal 250 TW laser linked to the SPARC
linac and mainly devoted to explore laser-matter interaction, in particular
with regard to laser plasma acceleration of electrons [71, 72] and protons
[73] in the self injection and external injection modes [56]. The main charac-
teristics of the laser pulse are tabulated in Table 2.2.
FLAME is based upon a Ti:Sa chirped pulse amplification (CPA) laser able
to deliver up to 300 TW laser pulses with fundamental wavelength of 800
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Figure 2.1: Layout of the SPARC bunker. The RF gun is followed by an hybrid linac
consisting of two S-band and a C-band TW structures, a THz source station and a
vacuum chamber devoted to plasma-based experiments. A 14 degree dipole deliv-
ers the electron beam towards four beam lines devoted to, respectively, FEL physics
which may be fed with SASE and with seed-laser, beam diagnostics, Thomson back-
scattering and external injection laser wakefield plasma acceleration experiments us-
ing the FLAME laser pulse.
Table 2.2: FLAME laser main properties
Power 300 TW
Fundamental wavelength 800 nm
Energy on target 2.5 J
Spot dimension <30 µm
Pulse length (FWHM) 25-40 fs
Max Rep. Rate 10 Hz
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nm with 10 Hz repetition rate. The schematic of the laser system is exposed
in Figure 2.2. The system includes a front-end with pulse contrast enhance-
ment (booster), bandwidth (MAZZLER) and spectral phase (DAZZLER)
control at the regenerative amplifier level that yields pulses with 0.7 mJ
in 80 nm bandwidth. These pulses are then further amplified by the first
amplifier to the 25 mJ level while the second amplifier brings the energy
to the 600 mJ level. Here a 10% of the energy is picked up to be used as
auxiliary beam. The third cryogenic amplifier is based on a 50 mm Ti:Sa
crystal pumped by 10 frequency doubled Nd:YAG laser pulses, reaching
an energy up to 20 J at 532 nm. The extraction energy is as high as 35%,
leading to a final energy in the stretched pulses in excess of 7 J. The pulse is
then compressed to minimum pulse duration below 30 fs (FWHM). Once
compressed, the pulse is transported under vacuum to the target area via
remotely controlled beam steering mirrors. For typical experimental con-
ditions of laser wakefield acceleration in self-injection configuration, the
laser pulse is focused at peak intensities exceeding 1018 W/cm2 which, with
our ASE contrast, gives a precursor laser intensity on a target below 109
W/cm2. The main pulse can achieve more than 2 J on target. The laser is
optimized to have an high contrast ratio (> 1010) made possible also by the
pulse-contrast enhancement on the front end.
Recently new experiments have investigated the dynamics of the energetic
electrons in high intensity laser-matter interaction [74] and self injection
LWFA experiments are currently ongoing.
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Figure 2.2: Layout of the FLAME Laboratory. Three different zones are visible, the
free access zone (white), the Clean Room containing the FLAME laser (red), the 6 m
underground bunker (blue). This schematic is taken from [72].
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Figure 2.3: Schematic of the resonant Plasma Wakefield Excitation. Three electron
bunches (drivers) resonantly excites plasma wakes which a fourth electron beam (wit-
ness) use to be accelerated. The 2D plasma density distribution and the density of the
electron bunches are represented. Courtesy of A. Marocchino.
2.2 Resonant Plasma Wakefield Acceleration ex-
periment
In the resonant PWFA experiment a train of electron driver bunches,
produced with the laser comb technique, will excite large wakefields in a
pre-formed plasma which the last bunch (witness), injected at the proper
accelerating phase, will surf gaining energy as schematically represented
in Fig. 2.3.
The aim of the experiment is to accelerate the witness beam from 180 eV
to 300 eV along 3 cm of plasma with background density of 1 · 1016 cm−3,
preserving its high brightness qualities generated by the photoinjector, i.e.
small energy spread (< 0.1 %) and low emittance (∼ 1 mm mrad) [75].
Transformer ratio studies were performed for our experiments demonstrat-
ing the need of multiple bunches [52] and a hybrid code, named Architect,
using fluids and kinetic approach has been implemented to simulate the
experimental working point in shorter running time than the one required
38
Figure 2.4: Measured longitudinal phase space of a comb-like beam obtained exper-
imentally at SPARC_LAB [75]. The com beam consists in a charge ramp four-driver
bunches (36, 36, 69, 75 pC) and a witness (24 pC). The witness bunch is at 3λp/2 from
the last driver; the driver separation is 270-240-420 µm (λp = 330 µm with a plasma
density of n0 = 1016cm3).
by fully Particle In Cell (PIC) codes [76].
The experiment will use two or more driver bunches, with transverse
dimensions of σx,σy < 5 µm, and duration of 100 fs (corresponding to
∼ 30µm) [75]. The witness bunch must have less charge than drivers to
prevent the beam loading which may shield the accelerating field of the
plasma. Witness is supposed to have duration shorter than 50 fs (∼ 15 µm).
Simulations performed with Architect showed that the witness beam en-
ergy can be more than doubled when the charge distribution is shaped such
that all particles in the bunch see the same retarding field. A preliminary
characterization of the electron beam, manipulated to resonantly excite
plasma wakes, has been performed at the SPARC LAB test facility and the
results are exposed in Fig. 2.4. Supposing a background plasma density of
n0 = 10
16cm3, a transformer ratio in excess of 3 with an accelerating field of
1.5 GV/m is expected.
In this experiment, the plasma will be formed by ionizing hydrogen into
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a gas filled capillary with a high voltage discharge. Hydrogen has been
chosen to meet all the requirements of the experiment. First of all, the
lower atomic number Z reduces the influence of the impact ionization on
the crossing beams [50], then reducing the losses caused by this process.
Moreover, local plasma density is affected by the additional plasma density
generated by impact ionization, and it is proportional to the product of the
neutral density and the electron beam density. So high ionization degree
must be achieved to reduce this effect and hydrogen ensures a complete
ionization even at lower temperature (∼ 2 eV, as can be deduced by eq.
1.31) [49, 77]. The ionization of the hydrogen is going to be achieved with a
plasma discharge, so electron bunches are not expected to loose energy due
to collisional ionization then all their energy can be transferred to the wakes.
On the other hand, plasma filled capillaries let to extend the acceleration
length due to their ability to generate long uniform plasma which can be
controlled by varying gas pressure or discharge timing.
The first problem to overcome before placing a gas filled capillary in the
SPARC line concerns the vacuum. Higher pressure than expected in ac-
celeration section causes breakdown that may damage the cavities and
any contamination of the cathode will reduce its quantum efficiency. To
avoid these problems, some groups have placed the gas source in a chicane,
putting the contaminants far from the straight line of the cathode [14]. The
drawback of this solution is the chromatic effects that act on the electron
beams and the space needed to implement it. In SPARC_LAB it has been
decided to mount the capillary on the line of the linac to maintain the high
quality ensured by the laser comb technique and to reduce the length of
the entire machine as shown in Fig. 2.5. Many tests have been performed
before its implementation to ensure that the pressure into the experimen-
tal chamber does not prevent from the correct operation of the machine.
These tests were preliminary part of this thesis work and their positive
results allowed to implement the experimental chamber on the SPARC line.
The setup for these measurements is shown in Fig. 2.6 and some results
obtained by varying the diameter of the vacuum impedance placed in the
interaction chamber are plotted in Fig. 2.7. To preserve the vacuum near
the interaction chamber two vacuum impedance of 6 millimeter diameter
has been placed between the capillary chamber and the last C-band accel-
erating structure. On the other side three impedance between 7.2 and 10
mm diameter has been placed to avoid to increase the vacuum pressure
in the subsequent structures (an RF Deflector and a dipole). The tests also
confirm that the machine can correctly operate at 1 Hz. Further upgrades
will allow to operate at 10 Hz without damaging the machine.
The setup of the resonant-PWFA experiment is going to be completed
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Figure 2.5: Layout of the interaction chamber implemented for plasma-based acceler-
ation experiments. Electrons are accelerated by two S-band and a C-band structures,
then are sent to the experimental chamber where are focused by a triplets of perma-
nent quadrupoles before being injected into the plasma filled capillary. Downward
the electrons are again focused by a permanent quadrupole triplets then they are sent
to another three quadrupoles which allow for a quad-scan emittance measurement and
an RF deflector for the longitudinal measurements. A 14 degree dipole let to measure
the energy of the beam and to send electron in different experimental lines. This image
is courtesy of G. Di Raddo.
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Figure 2.6: Resonant PWFA experimental chamber under test to verify the vacuum
setup. This system has been tested with helium gas, which has similar mass number
to hydrogen and do not present particular safety issues.
and the experiment is scheduled before the end of the 2017. The studies
performed on capillary discharge and the Stark broadening diagnostic
implemented in this thesis are directed to this experiment.
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Figure 2.7: Vacuum pressure measured outside the interaction chamber with different
aperture time of the valve which let the gas to flow into the capillary. During the tests
the aperture time of the valve has been set to 1, 5, 10, 15 and 20 ms with opening
frequency of 1 Hz. The backing pressure was maintained constant to 1 bar. Similar
measurements have been performed at 5 Hz and 10 Hz. The measurements has been
performed placing different gas impedance between the capillary chamber and the
next ones of 5, 7 and 8 mm of diameter and 10 cm length. The system has been tested
with helium.
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2.3 External injection Laser Wakefield Accelera-
tion experiment
The idea to externally inject a particle beam inside a pre-generated
relativistic electron plasma wave has been previously investigated in the
early ’90s with the Plasma Beat Wave (PBWA) technique [78] demonstrating
an acceleration gradient of 0.7 GeV/m. The decision of using the PBWA
derived from the fact that before the advent of the Chirped Pulse Ampli-
fication (CPA) [79] the laser pulses hardly go down the picosecond and
only long laser pulses of different matched frequencies and wave numbers
can excite large amplitude plasma waves. Nowadays, high power lasers
can have pulse duration of the order of few tens of femtoseconds, then the
more effective LWFA excitation of the wakefield is preferred.
LWFA, as introduced in Section 1.5, is based on a single laser pulse which
excites wakefield of the order of several GV/m due to the ponderomo-
tive force. FLAME laser, with its several hundreds of TW and the few-
tens of femtoseconds pulses, can easily excite these wakes. Besides, the
SPARC photo-injector can provide with good stability and reproducibility
high brightness electron beams, typical of the RF based linear accelerators,
[56, 13]. The integration between SPARC and FLAME has already been
tested for Thomson back-scattering experiment [57] and a good synchro-
nization between them has been achieved. This is crucial since both photons
and electrons are as long as tens of femtoseconds and typical jittering of RF
timing does not allow for correct operation. For this reason an optical dis-
tribution system for the reference signal has been installed. A conservative
estimate of the overall effective time jitter is around 40-60 fs, but to obtain
reproducibility within the 5% of energy spread the jitter will be lowered
until 10 fs.
The parameters chosen for the experiment match the state of the art of
SPARC for producing ultra-short bunches. The plasma wavelength de-
pends on this parameter since an electron bunch longer than a significant
fraction of λp could suffer from an excessive energy spread, and is more
sensitive to jittering of whatever nature. On the other hand, the peak accel-
erating field is inversely proportional to λp, depending also on the regime in
which the plasma wave is traveling. In linear plasma wave regime (a0  1)
the acceleration process is more stable, but yields to less intense accelerat-
ing gradient. Moreover, the wake profile is sinusoidal in the longitudinal
coordinate, this implies that also the accelerating field has a sinusoidal
behavior causing an emittance degeneration. In highly non-linear plasma
wave regime (a0  1) the accelerating field is almost linear (like a sawtooth
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Figure 2.8: Study of the working point for external injection LWFA experiment in
SPARC_LAB. Above the red line the cold wave breaking is avoided. The blue curve
marks the region in which λp < 2Rcap (above the line) in case of guiding capillary.
Between the green lines there are the conditions for the so-called mildly non-linear
regime ( 1.0 < a0 < 1.3 ) [13].
function) in the longitudinal direction and the field is much stronger than
linear regime, but it also implies an higher instability, then higher sensitiv-
ity to any jittering or mismatch. For that reasons an intermediate regime,
the so called mildly non-linear regime (a0 ' 1) has been investigated.
In the case of gaussian laser pulse for spot of few tens micron propagating
in plasma without any boundaries the effective acceleration length depends
on the Rayleigh length of the laser pulse and it is in general of few centime-
ters, not enough to transmit a significant energy to the electron beam. That
problem can be overcome by guide the laser using a transverse tapered
plasma density [47] or by using guiding capillaries of pre-ionized gas [36].
Gas filled capillary is then the best suited chose.
These considerations and a possible working point are summarized in Fig.
2.8. The plasma density resulting from this analysis 1 · 1017 cm−3 in a capil-
lary with radius Rcap ∼ 60µm. In both these solutions a precise laser and
electron alignment is needed. Start-to-end simulations has been performed
showing promising results [13]. Actually, the interaction chamber showed
in Fig. 2.9 is under construction and studies on tapering capillaries, which
is part of this thesis, as well as the laser guiding are still ongoing. The diag-
nostics implemented in this thesis will be used for the online measurements
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Figure 2.9: External injection LWFA experimental chamber. The laser is synchronized
with the electron beam to arrive with the proper timing on the plasma target. The laser
is aligned on the electron beam by a perforated mirror which allows electrons to pass
through it. Courtesy of R. Sorchetti.
of the plasma density during the experiment.
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2.4 Self injection Laser Wakefield Acceleration
Laser Wakefield Acceleration has been investigated in the past at FLAME
confirming the good reliability of this facility for this kind of experiment
[80]. Nevertheless, in order to use the electrons produced by LWFA for
different applications, the electron beam parameters should be stable and
with high-quality i.e. with small energy spread and a minimum pointing
angle fluctuation. This experiment has the aim to perform new investiga-
tions that will allow to manage the main properties of the accelerated beam
by varying the plasma and laser properties in order to set up a stable laser
wakefield plasma source. The main laser and plasma parameters, indeed,
such as background electron density, laser energy, and laser pulse duration,
must play a significant role in the LWFA process and they have to be chosen
carefully to generate stable and high-quality electron beams [81].
For this purposes, many diagnostics have been implemented and tested
to measure all these parameter, as well as the main quality of the electron
beam, i.e. its transverse spot and its energy spectrum. The plasma prop-
erties have been investigated by measuring the electron density during
the laser propagation with the use of an interferometric tool whose imple-
mentation is part of this thesis. Simulation have been performed with the
code ALaDyn (Fig. 2.10) to test the reliability of the simulations with the
measured parameters. These simulations have shown a good agreement
with the measured electron and plasma properties confirming the reliability
of our experimental setup.
Actually the LWFA is still ongoing at FLAME and experimental results is
under analysis. Further experiments will deeper investigate the electron
beam properties and its generation during the self-injection process.
2.5 Active plasma lens experiment
A problem to overcome in future accelerating machines is the space
required to control the beam in comparison with the space needed to
accelerate it [15]. This is a crucial parameter to take into account since it
rules the dimensions and the costs of an accelerator. Actually, a consistent
part of the machine is occupied by the optical elements such as quadrupoles
and dipoles needed to transport and manipulate the beams. For example,
in the actual configuration of the resonant PWFA experiment a triplet of
permanent magnets focuses the electrons into a 3 cm long capillary placed
at 22.7 cm far from it, then an another triplet traps the electrons after 20
cm. It is evident that it is needed more space to focus the beam into the
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Figure 2.10: Laser Wakefield Acceleration simulated with the full 3 dimensional Parti-
cle In Cell ALaDyn with a background density of 1.5 · 1019 cm−3. The laser propagates
from right to left. In this frame the electron wave trapping mechanism is clearly visible
in the second bubble. The image is a 2D slice on-axis of a 3D cartesian-mesh simula-
tion. Courtesy of A. Marocchino.
capillary than to accelerate it.
A possible solution to focus the electron beams into the capillary in shorter
length may be the use of a high current whose intense magnetic field allows
to uniformly focus the beam. This can be performed by using an another
gas-filled capillary which focuses the beam using its discharge current with
the so-called active plasma lens [82, 83]. Plasma, in fact, can be assumed as a
current-carrying conductor transparent to the electron beam. If the current
density is uniform, the magnetic field will increase linearly with the radius,
and a linear restoring force on the beam passing parallel to the current will
result. The same mechanism may be used on the opposite to defocus an
electron beam to uniformly irradiate a target. Unlike quadrupoles, indeed,
active plasma lenses can focus or defocus a particle beam simultaneously
in both transverse planes saving the space needed by the triplet.
The electron beam lens can be described by the strength parameter k, as
usually named for the description of the quadrupoles strength [83]
k =
e
m0γc
(
∂Bφ
∂r
)
(2.1)
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where m0 and γ is the electron mass and the Lorentz factor of the electron
beam, Bφ is the magnetic field within the aperture of the capillary which
can be derived from the Ampére law Bφ = µ0Jr/2 and r is the radius of the
capillary. The effective focal length f in both the x and y directions in thin
lens approximation can be described by the formula
f =
1
kL
= ± m0γc
eL (∂Bφ/∂r)
(2.2)
where L is the length of the capillary.
Experiments on active plasma lens are currently ongoing at SPARC_LAB
and first results have been published [84].
2.6 Plasma sources
The plasma properties of any plasma-based acceleration experiment
have to match the requirements of the experimental conditions. The first
problem to overcome is the ionization of the neutral atoms to produce
plasma. While for the laser-driven acceleration the laser is usually intense
enough to ionize the gas until a degree at which the ionization is no more a
problem for pump depletion, for bunch-driven PWFA this is not necessarily
true and the plasma source must to take into account this problem [50].
Moreover, even if the density changes of several order of magnitude from
external injection experiment (which requires ∼ 1016 - 1017 cm−3) to self
injection LWFA (∼ 1019 cm−3), its uniformity within several percent along
the acceleration path is a general requirement. The most used plasma
sources for plasma-based acceleration experiments are gas jets, metal vapor,
and capillaries both pre-filled with gas and filled with particles evaporated
by the capillary surface, also referred as ablative capillaries.
Gas jets are generated by particular nozzles designed to produce a high
density jet that must be ionized by a laser pulse [55, 85]. These sources
have the advantages to produce a stable and flat high background density.
However, in those systems the acceleration length is limited by the length
of the longitudinal plasma density plateau, which is limited by the small
nozzle sizes (necessary to correctly shape the plasma density), and by the
dephasing length or the Rayleigh length of the laser. Thus, even if it is well
suitable for LWFA, it cannot be easily extended to multi-cm-scale lengths
required in the external injection experiments [50].
For particle driven external injection scheme lithium vapor produced
in a heat pipe oven has been used in SLAC [14]. The electron bunches
produced in SLAC have the energy of 42 GeV carrying 450 pC charge in
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almost 50 fs (FWHM). Thus, the bunch can easily ionize the lithium, whose
first ionization energy is 5.4 eV, and drive the large-amplitude wake needed
for the acceleration. The larger ionization potential of the second level
(75.6 eV) ensures the plasma density does not evolve significantly along
the bunch due to secondary ionization [86]. The lithium oven let to have
a meter-long plasma with density of the order of 1017 cm−3 regulated by
varying the neutral gas pressure.
Since the SPARC photoinjector produces bunches of 100 pC, 150 MeV
electrons, the ionization depletion for the driver bunches may be an impor-
tant issue to overcome, then metal vapor cannot be used in our experimental
conditions. Instead, hydrogen-filled capillary are best suited because the
gas can be easily pre-ionized by a current discharge, avoiding any deple-
tion of the driver pulses (either particles or laser beam). Furthermore, the
use of the hydrogen ensures a complete ionization of the gas even at low
plasma temperature (∼ 2 eV, see equation 1.31), avoiding energy loss due
to ionization of the higher levels.
A different way to have a pre-ionized plasma inside a capillary is to pro-
duce plasma by evaporation of the capillary walls [87, 88]. This scheme has
the drawback that the plasma is not a pure composition and it needs a laser
to be triggered. Moreover, the quality of the so-generated plasma channel
is ensured only for few hundreds of shots, since the ablation changes the
radius of the capillary. Nevertheless, it takes some advantages given by the
more precise trigger and by no needs of gas bottles. For external injection
LWFA and resonant PWFA experiments both gas filled and ablative capil-
laries have been investigated.
In the following subsections, gas nozzle, gas-filled capillaries and laser
trigger ablative capillaries will be introduced.
2.6.1 Gas nozzle
Gas nozzles are particular tubes in which a gas of several bars of back-
ing pressure passes through. An example of gas jet is represented in Fig.
2.11. The shape of the nozzle allows to control the flux of a gas and its
velocity, then varying the density and neutral gas temperature in the area
of interaction with the driver pulse [85]. Plasma is produced by focusing a
laser pulse onto the edge of a gas jet, ionizing the gas. This sources allows
to reach densities of the order of∼ 1017−1019 cm−3 with relatively constant
density and sharp edge. No boundaries are needed around the interaction
point. They are widely used in LWFA [55] and we used it for self injection
LWFA experiment.
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Figure 2.11: Gas nozzle used for LWFA experiment in SPARC_LAB.
The most used nozzle for laser plasma interaction can be subdivided in two
main groups, the sonic nozzles, in which the gas flows with the speed of
sound of the injected gas, and the supersonic nozzles. In general, changing
the gas pressure will vary the initial neutral density, while changing the
nozzle diameter will change the plasma length.
In gas jet design for laser plasma interaction, the goal is to have a density
profile with a plateau of relatively high density. These conditions are con-
tradictory since a plateau profile needs higher Mach numbers and higher
velocities, but for higher density values one needs to use slower jets. So
there are two limiting cases. The first one is a sonic nozzle with the critical
cross section close to the edge of the nozzle. This is characterized by high
densities and low Mach numbers (M ∼ 1), but with a smeared density
profile. Such a design is also the simplest one and it is widely used. The
second case is a supersonic nozzle with a high Mach number (M > 1). The
optimal design is between these two cases and therefor tightly related to
experimental parameters.
2.6.2 Gas filled capillary discharge
The main characteristics of the gas filled capillary sources is to furnish a
pre-ionized plasma channel for plasma-based acceleration experiments. In
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Figure 2.12: Photo of hydrogen filled capillary at SPARC_LAB. The typical color of
the light emitted by pure hydrogen plasma (purple) is caused by the stronger lines
emitted in the visible range which are in the red (Balmer alpha line) and in the blue
(Balmer beta) spectrum (see Section 3.1.1).
these devices a current pulse of several amperes passes through the capil-
lary filled with gas at pressure of few tens of millibar. The current ionizes
the gas, preforming the plasma channel before the interaction with the
driver beams. A typical discharge produced in a hydrogen filled capillary
is shown in Fig. 2.12.
The necessity to use capillaries rises from the need to extend the interaction
length of the drivers with the plasma. Capillaries indeed allow for longer
and almost constant density profile up to centimeter scale. This kind of cap-
illaries has been primarily used for LWFA because of the typical parabolic
transverse density profile [49] which allows to guide the laser radiation for
distances longer than the Rayleigh length. Nevertheless, the high ionization
level which can be reached by the discharge let to reduce the ionization
losses acting on the driver(s) [89], and it is particularly suitable for low
energy particle drivers which are not intense enough to ionize the gas [50].
These capillaries are usually made of hard materials, like alumina, quartz,
diamond or sapphire [83, 89, 90]. Due to the thermal conductivity of the
capillary walls, temperature is higher in the middle, while it is lower on
the surface. Magnetohydrodynamic (MHD) simulations have shown that
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the lattice of the capillary boundary is heated mainly due the interaction
of the plasma free electrons, and even if the electron temperature during
the discharge reaches values of some eV (typically 1 ∼ 4 eV) the tempera-
ture on the capillary surface is not higher than some hundreds of Celsius
degree, then not enough to melt or disrupt the lattice [36]. Nevertheless, a
small erosion of the walls may occur. Lifetime of these capillaries has been
experimentally demonstrated to be longer than 105 shots even with high
repetition rate discharge (of the order of the kHz) [90] with enough small
ablation to not significantly affect the plasma density.
Compared with other plasma sources, gas filled capillaries allow to control
the properties of the plasma channel by varying the capillary shape or by
timing the discharge with the beams to wait for the desired plasma profile
during the interaction [91, 92]. This let to have homogeneous plasma profile
even at low densities of the order of ∼ 1016− 1017 cm−3 as requested by our
external injection experiments. However, electron density creation inside
these capillaries is sensitive to many parameters, such as the walls compo-
sition, the shape of the electrodes or the resistances of the discharge circuit,
which require fine measurements and are not easy to control during the
device manufacturing. The definitive characterization of gas-filled capillary
discharge must be always performed experimentally.
2.6.3 Laser trigger ablative capillary discharge
In laser trigger ablative capillary plasma channel is formed by evapora-
tion of the capillary walls instead of an externally injected gas [88, 93].
Like gas filled capillaries use only high voltage to ionize the gas, ablative
capillaries may use it to produce a breakdown along the capillary walls,
but in many cases the voltage required may be impractical and the jittering
of the discharge is intrinsically high (due to the uncertainty of the process).
Instead, in laser trigger scheme the ignition of the plasma is initiated by a
laser pulse that ablates a small amount of surface near the cathode where
a voltage of few tens of kilovolts, well below the breakdown threshold,
is applied. The high voltage let the electrons to gain in a short distance
enough energy to destroy the atomic structure of the wall and to ionize the
atoms, producing then more plasma and more free electrons. This produces
an avalanche like effect along the capillary that becomes stationary after
few nanoseconds. If the capillary is made of plastic material, hydrogen is
one of the most abundant component.
Even if the lifetime of ablative capillaries is shorter than gas-filled technique
(few hundreds of shots), the jitter of the discharge is much lower (few ns
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Figure 2.13: Set of five ablative capillaries of 500 µm diameter. All capillaries are con-
nected in parallel to the discharge circuit but only the one triggered by the laser pro-
duces plasma.
instead of tens of ns) allowing a better synchronization between the plasma
and the driver beams [93]. On the other hand, the need of a laser to ignite
the discharge and its short lifetime limits its applications in a linac.
In that kind of capillary the physics related on the plasma dynamics at the
latest stages of the discharge is the same as for gas filled capillaries, but in
the early stages it is more complicated and simulations have to take into
account the evaporation of the walls. Nevertheless, it allows to perform
preliminary studies on plasma density distribution related to the capillary
geometry without using bottles of hydrogen and very high voltage (few
kVs instead of tens of kVs). A set of ablative capillaries used for this thesis
are reproduced in Fig. 2.13
Chapter 3
Plasma Diagnostics
The goal of this chapter is to explain the most suitable diagnostics used
for the characterization of different sources required by the acceleration
techniques described in this dissertation. Each technique requires very spe-
cific plasma conditions and needs the proper diagnostic tool to determine
the main plasma characteristics. A key parameters in plasma-based accel-
erators is the electron plasma density, which rules the plasma frequency
as described by equation 1.18. Plasma density also rules the passage from
linear to strongly non-linear regime [2]. The knowledge of this properties
along the interaction length when the beams pass through the plasma is
mandatory for the optimization of the beam quality during and after the
acceleration. On-line and non perturbing methods suitable for small (∼ 1
mm thick or less) and low dense plasma (lower than 1017 cm−3) are manda-
tories. Spectroscopic techniques fit very well these requirements. Plasma
density can be revealed by the analysis of the broadening of self emitted
lines caused by the Stark effect [94, 39, 38]. The theory and the methods
used for this analysis will be exposed in Section 3.1.
On the other hand self injection experiments need higher plasma density
(of the order of 1019 cm−3) produced by a gas jet and the acceleration mech-
anism is almost independent on the temperature. One of the most used
nonperturbing method to detect the plasma density in this kind of sources
is the interferometric technique, which allows for single shot longitudinal
analysis. The details of this technique and the method of analysis will be
described in Section 3.2.
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3.1 Plasma density measurements by Stark broad-
ening of the Balmer lines
Ionized plasma emits electro-magnetic radiation whose spectrum can
be either continuous or discrete depending on the radiative mechanism
[39]. The emitted radiation can be caused by transition of the electrons
between different bound states (bound-bound transition), recombination
or ionization of an electron with an atom or molecule (free-bound transi-
tion) or interactions between charged particles, both ions and electrons,
which remain unbounded at the end of the interaction (free-free transition).
In general, the properties of the emitted radiation depend on the plasma
characteristics, and its analysis allow to reconstruct the plasma conditions
in the vicinity of the emitters. This kind of analysis is developed in a spe-
cialized field of research often referred to as plasma spectroscopy. Plasma
spectroscopy is a very interdisciplinary science [37, 38, 39]. Most of the
theory used in this field has been developed for astrophysical observation
where the plasma cannot be probed, nevertheless it is commonly used for
experimental investigations in laboratory plasmas due to its high reliability.
For plasma based applications, hydrogen plasma filled capillaries are usu-
ally used, with transverse dimensions ranging from 100µm till 1 mm diam-
eter. Because of these small dimensions, plasma cannot be probed directly
by mechanical probes; in addition, the probe may interfere with the plasma
modifying its local conditions. On the other hand, laser probes, which are
commonly used for cold plasma measurements [38], are not suitable for
transverse probing of a capillary since its cylindrical shape causes refrac-
tion of the beam light [95]. On the contrary, hydrogen plasma produces
strong lines in the visible range, whose properties can be studied with good
reliability with spectroscopic measurements. Moreover, the light emitted
do not suffer from capillary diffraction. The spectral analysis of these lines
allows to reconstruct the electron density of the surrounding plasma due
to the Stark effect. This technique can be used also in case of ablative capil-
laries, where multi-species of plasma are produced, allowing the retrieval
of plasma properties around the emitter [87].
In the next sections will be shortly introduced the Balmer series of the
hydrogen, which are emitted in the spectrum of the visible range and
are commonly used for spectroscopic analysis of hydrogen plasma. Then
the principal mechanisms of broadenings acting on these lines will be de-
scribed, with particular attention on the Stark broadening which allowed
the measurements shown in this thesis. Finally the methods used for the
spectral analysis will be exposed.
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3.1.1 Balmer Lines and line broadenings
Hydrogen atoms emit light at different wavelength usually referred as
hydrogen spectral lines. The wavelengths of the emitted photons depend
on both initial and final energy levels of an electron that decays from
an excited state to another. In 1888 the physicist J. Rydberg discover an
empirical formula to predict the central wavelength of the lines generated
from the hydrogen transition
1
λ
= R(
1
n′2
− 1
n2
) (3.1)
where R = 1.097373 ∗ 107 m−1 is the Rydberg constant for hydrogen with
an infinitely heavy ions (compared to the electron mass), n′ is the number
of the lower energy level and n is the higher one (both are integer numbers).
Spectral lines are grouped in different series according to the lower level at
which the electron falls. The Balmer series describes the emission of photons
due to the transitions of electrons from higher energy level to the second
one, i.e. n′ = 2. The first spectral lines of this series lie in the visible range,
these lines are the so called alpha, beta and gamma lines (respectively with
wavelength of 656.3, 486.1 and 434.1 nm). Each of these spectral lines do
not have infinitesimal spectral width but undergo several possible line
broadening mechanisms that are extremely useful for diagnostics [38].
The first source of broadening is caused by the fact that the quantum
states of an atom has a small energy spread which is a consequence of
the Heisenberg uncertainty principle, ensuring that the emission line must
have finite (though very small) width, even in the absence of other factors.
This broadening is the so-called natural broadening. It can be shown that
the shape of the broadened line is determined by the shape of the energy
broadening [38] and it can be expressed in the spectral domain by the
following formula
IN(ω) = IN(ω0)
1
1 + [(ω − ω0)τ ]2 (3.2)
where ω0 is the central frequency of the line and τ is the lifetime of the atom
in the upper state. The line shape expressed in Eq. 3.2 is a Lorentzian curve
and its width is ruled by the orbital lifetime. Natural broadening is usually
negligible for lines lying in visible range, but it is important for the extreme
ultraviolet lines of highly ionized atoms. Its contribution to the shape of
the lines of the Balmer series is negligible.
Another source of broadening comes from the thermal motion of the
emitters which causes the Doppler broadening, sometimes referred to as ther-
mal broadening. The thermal motion leads the emitters to move randomly
57
with a velocity v as described in Section 1.3.1. If the velocity distribution
of the emitter particles is Maxwellian (see Section 1.3.5) the line profile is
a Gaussian and can be expressed by the following formula (written as a
function of the wavelength λ)
ID(λ) = ID(λ0)
1
σ
√
2pi
e−
(λ−λ0)2
2σ2 (3.3)
where λ0 is the central wavelength. The standard deviation σ =
√
kBTi
mic2
is
function of the emitting ion temperature Ti and the ion mass mi, where kB
is the Boltzmann constant and c the speed of light. To measure the effect of
Doppler broadening on the line shape it is possible to relate the standard
deviation with the full width at half maximum (FWHM) of the line by the
equation ∆λFWHM = 2
√
2 ln 2σ.
Finally, the most important mechanism for the purposes of this thesis is
the pressure broadening, also named Stark-Lo Surdo broadening. The Stark
broadening is caused by the presence of an electric field acting on the
emitter. The electric field can be produced by nearby free electrons or can
be generated externally. In our plasma, where no external field reaches
the recombining atoms, we can relate the broadening of the line to the
interaction of the emitter with the nearby charges. This allows to reconstruct
the electron density of the plasma near the emitters by measuring the
FWHM of the emitted line. The shape of the line profile when subjected
to this only broadening effect is a Lorentzian which can be expressed as
follows
IS(λ) = IS(λ0)
∆λ2FWHM
4 (λ− λ0)2 −∆λ2FWHM
(3.4)
The Stark effect acts linearly for hydrogen and hydrogenic ions, while it is
more complicated for complex atoms. The Stark effect acts differently on
the different lines of the Balmer series, and the study of the resulting line
widths demand a deep discussion on the models developed to study it. An
overview on the principal models is demanded to Section 3.1.2.
An additional source of broadening is the so-called instrumental broaden-
ing. It is caused by the resolution of the acquisition device it must be taken
into account to retrieve the ultimate (real) line profile. This contribution can
be assumed to be Gaussian and it must be measured experimentally. Other
effects that can influence the line shapes are often negligible for plasma
temperature of 1− 4 eV and densities between 1 · 1015 − 1 · 1018 cm−3 then
will not discussed. All the above mentioned effects on the two stronger
lines of the Balmer series, Balmer alpha and Balmer beta, simulated for
density of 1 · 1016 cm−3 and temperature of 4 eV, are plotted in Fig. 3.1.
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Figure 3.1: Effects of the natural, Doppler and Stark broadening on Balmer alpha and
Balmer beta lines for density of 1 · 1016 cm−3 and temperature of 4 eV.
Doppler effect is more important for Balmer alpha line, which is also the
most intense of the Balmer serie. On the other hand, Stark effect leads to a
broader line for Balmer beta line and the effect of the Doppler broadening
is almost negligible. Nevertheless its intensity is lower than Balmer alpha.
In case of multiple broadening effects the resulting line profile is the con-
volution of the constituent profiles [39]. In general, the convolution be-
tween two Gaussians is again a Gaussian, while the convolution between
a Lorentzian and a Gaussian is the so-called Voigt function which well
describes the contribution of both the Doppler and Stark effects on the
Balmer lines.
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3.1.2 Stark broadening: principal models
As already mentioned, the Stark effect acts on the line profile and the
line shape depends heavily on the density of charged particles surrounding
the emitter [96]. This dependence is especially important in hydrogen and
hydrogenic ions because the effect on those elements is linear until the
electric field is so weak that the intrinsic fine structure of the atom must
be taken into account; it happens when the plasma density is as low as
∼ 1014 cm−3. On the opposite, for higher plasma densities (> 1019 cm−3)
the self absorption of the emitted radiation become important and its
analysis may be unpractical [96, 97]. Actually, Stark profile simulations
are accurate enough for electron densities between 1014 cm3 and 1018 cm−3
and temperatures up to 850 eV [38, 39, 98, 99]. Various Stark broadening
theories have been developed in the past. The first statistical approach
was developed in the early of XX century [100] and has been widely used
with the so-called plasma model. In this model the broadening of the lines
can be computed as a sum of the contributions of all the collisions in
a statistical ensemble of quasi-independent charged particles with the
emitting atom. Depending on the velocity of the perturbing particles, two
different approximations have been investigated: the impact regime, where
it is assumed that the highly mobile electrons are responsible for phase
variation of the emitted wave, and the quasi-static regime, where the slower
ions generate the electric field responsible of the Stark effect which is almost
constant along the life of a typical emission. Many important line profile
tables, like the ones calculated by Griem [94] in 1974 and still widely used,
have been calculated with this approach.
In the 1980s a new approach, called the Model Microfield Method (MMM), has
been developed. In this calculation the line broadening is calculated starting
from the evolution of the electric microfield seen by the emitter. This last
approach led to an improvement of the theoretical predictions compared
with the experimental data, mainly due to the fact that it takes into account
the ions moving during the interaction time. Indeed in this approach the
broadening is produced by the joint action of ions and electrons colliding
with the emitters, while in the plasma the particles are modeled as quasi-
independent particles, although the correlation between the particles can
be partially introduced by means of screened fields and cut-off parameters.
Other models (like the Lorentz or impact approximation) and intermediate
approximation will not be discussed in this thesis, more details may be
found in [39] and cited literature.
In this work, we use the computational simulation theory produced by
Gigosos and colleagues with the so-called Gigosos-Cardeñoso (GC) model
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[96, 101] based on the MMM approach. Actually, the GC model is one of
the most accurate approximations of the Stark broadening effect and it
is currently used in many works for plasma diagnostics [102, 103, 104].
The GC method calculates the shapes of the emitted line with the MMM
method, but the electric microfield is obtained by considering the charged
particles moving in a globally neutral plasma, homogeneous, isotropic and
weakly coupled at the local thermal equilibrium. To take into account the
ion-dynamics the position and the velocity of the particles are related to
the reduced mass µ (determined by the emitter-perturber pair) and to the
electron temperature. For pure hydrogen plasma (H-H+) in thermodynamic
equilibrium, µ = 0.5 ∼ 2.0 mp, where mp represents the proton mass,
while the dependency of the line broadening on the temperature is more
important depending on the considered line. In the GC Model, as well as
any other MMM models, the thermal and Stark effect are considered to be
statistically independent [96], that means that the final line profile can be
obtained by a simple convolution of the Stark and Doppler terms.
During this dissertation the electron density has been measured through
both Balmer alpha and Balmer beta lines. The electron density has been
retrieved through the measurements of the FWHM of the emitted Balmer
alpha line, applying the formula
∆λ[nm] =
[
ne[10
18cm−3]
]2/3 · 5.34 (3.5)
which we have inferred from the experimental data in [99], being in the
temperature range of interest (1-4 eV).
We decided to follow this empirical approach because it takes into account
the ion dynamics,which heavily affects the temperature, strongly influ-
encing the Balmer alpha line. Comparing the interpolated formula with
the analytical formula calculated by Griem in 1979, the maximum error is
3% for density between 5 · 1015 and 1 · 1018 cm−3. The self-absorption of
the emitted Balmer alpha must be taken into account especially for higher
densities. Its effect is quite severe for pure composition plasma [105] like
the one we used for our experiment. Self-absorption of the central line
makes the measured Balmer alpha broadened, then the fit of the line is
affected by this variation and the measured density is often overestimated.
For the analysis of the Balmer beta line we used the analytical formula
given by Gigosos and Cardeñoso [101] obtained with the GC model
∆λ[nm] =
[
ne[10
18cm−3]
]1.4680 · 4.8 (3.6)
Balmer beta has a weaker signal in LTE plasma respect to Balmer alpha,
but it is extremely useful for electron density measurements since it is
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particularly insensitive to ion dynamics effects or to temperature changes,
then it is preferable when line intensity is not an issue. Balmer beta line
is still affected by self absorption at higher densities, but much less than
Balmer alpha since its transition is less probable and in our experimental
conditions it is almost negligible.
Some authors have compared the results obtained with the Stark broaden-
ing analysis with the interferometric technique [106]. It has been shown that
the analysis of the alpha and beta Balmer lines in the density range of our
interest gives higher density values compared with the values measured
with the interferometry, but the Balmer beta results, reasonably due to the
lower self-absorption, are closer to the interferometric values within few
tens of percentage point, confirming the validity of this method. This anal-
ysis was performed by collecting the light longitudinally and integrating it
for 25 ns.
In general, the reliability of the measurement obtained with the analysis of
the Stark broadening is of the order of 15% [38].
3.1.3 Single shot characterization of Balmer lines
The goal of our measurements is to determine the density variation
along the capillary in a single shot acquisition and to study its temporal
evolution after the plasma formation.
In previous works this measurements has be done by collecting the light
transversally from one single point of the capillary per each shot [87] and
the collection of all these points let eventually to reconstruct the longitu-
dinal density profile, then a single shot measurement of the longitudinal
density has not been performed. Another experiments used interferometry
to investigate the longitudinal plasma evolution inside squared capillaries
to avoid diffraction [95], but this put severe constraints on the capillary
shape.
In our experiment, the density inside the capillary can be acquired in a
single-shot independently on the capillary shape along the entire plasma
beam interaction length with a temporal resolution of few tens of nanosec-
onds and longitudinal spatial resolution given by the imaging system used
to collect the self emitted light of the capillary.
The light self-emitted by the hydrogen is collected and sent to the spec-
trometer by an imaging system which produces a demagnified image of
the capillary onto the spectrometer slit as shown in Fig. 3.2. The correct de-
magnification allows to image the whole longitudinal capillary dimension
onto the grating, where it is spectrally dispersed[91] as can be seen in Fig.
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Figure 3.2: Measuring system setup used for plasma density measurements. A system
of lenses L1 and L2 collects the self-emitted light of the capillary and image it onto
the spectrometer slit. Mirrors M1 and M2 let to align the image longitudinally to the
capillary slit.
3.3.
Two kinds of camera have been used to acquire the spectra. The first one
is a back illuminated camera Pixis1300b of Princeton Instruments. This cam-
era has a high quantum efficiency but the very long acquiring time, higher
than 945 ms, let to use it only for density measurements integrated over all
the time of the discharge. This causes also that this camera acquires both
continuous (caused mainly by free-free transitions like bremsstrahlung)
and line spectral emission, which are of comparable intensities only in
the early stages of the discharge [39]. From the measured spectra we have
verified that both the Balmer line acquired with this camera were consid-
erably higher than the continuous background. The other camera used
for this dissertation is a gated ICCD IStar 320T camera of the Andor. The
gating of the camera allows to cut off the continuous emission of the early
stages of the discharge and to collect light inside a window of few tens of
nanoseconds (depending on the intensity of the collected light). By varying
the delay between the camera trigger and the discharge trigger it has been
possible to scan the temporal evolution of the plasma simultaneously to its
spatial variation. In our experimental setup, we found that the best trade
off between the lowest temporal resolution and the collected light intensity
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Figure 3.3: Self emitted light from the capillary dispersed by the interferometer and
collected by the gated camera. The shadow produced by the electrodes on the ends of
the capillary is clearly visible at 0 and 10 mm.
is to gate the camera for 100 ns.
The image collected by the spectrometer are then processed by a specially
designed software to reconstruct the density profile. Background subtrac-
tion is mandatory for improving the Signal-to-Noise Ratio (SNR), then the
background acquired in different acquisitions must be subtracted before
analyze the image. Moreover, many images acquired under the same ex-
perimental conditions can be possibly averaged improving the SNR.
Each line of the interferogram, corresponding to a precise spatial position
of the capillary, is then analyzed by fitting it. There are different fitting
options implemented. It is possible to fit the data with a Lorentzian curve,
then neglecting the temperature effects, or with a Voigt curve. Nevertheless,
the sensitivity of the collected data to temperature is very weak even for
Balmer alpha line, and the temperature measured with this method is often
unreliable, while the time requested for the analysis of a single image is
much longer than the one required for the Lorentzian curve fit. It is also
possible to perform the fit in the Fourier domain by using the embedded
Fast Fourier Transform implemented in Matlab. In the Fourier domain
both Lorentzian and Gaussian curves are exponentials and the convolution
between them can be obtained with a simple multiplication instead of a
64
convolution, which takes longer computational time. This reduces the time
needed for the analysis. Even in the transformed domain the dependency
of the lines from the Gaussian shape of the Doppler broadening is very
low and the temperature cannot be extracted by this analysis with enough
reliability. The Doppler broadening for plasmas produced in capillary dis-
charges is estimated to have a FWHM lower than 0.1 nm for the Balmer
alpha line and 0.075 nm for Balmer beta, then the estimation of the tem-
perature has been demanded to line ratio analysis which is more sensitive
to temperature variation. Further investigations will be dedicated to the
implementation of this method.
The fitting algorithm is based on the least-square-error method and it
minimizes the sum of squares error (SSE) of the fitting function with the
experimental line weighted with a weightfunction array loaded separately.
An example of line fitting performed with the Lorentzian curve fitting is
shown in Fig. 3.4.
Simulated spectra have been produced to check the goodness of the routine.
Many spectra have been simulated with temperature of 4 eV and density
varying from 1 · 1015 to 2 · 1017 cm−3. The analysis of these spectra showed a
good reliability of the fitting function while they confirm the low sensitivity
to low temperatures on the line profile.
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Figure 3.4: Example of lineout fitted with the Lorentzian curve. The most external part
of the lineout goes to zero because the image is cutted by the output window of the
spectrometer. These wings are neglected during the fit calculation.
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3.2 Plasma density measurements by interfero-
metric analysis
Interferometric methods generally use the dependence of the refractive
index (which may be a complex number) on the density in a transparent
medium. The refractive index variation can be detected by experimentally
measuring the dephasing of a probe beam caused by the different phase
velocity of the light propagating into the plasma. The phase velocity indeed
is inversely related to the refractive index (vφ = c/η) and by analyzing its
variation it is possible to recover the plasma density crossed by the beam. To
properly reconstruct the density the probe laser should not undergo to more
complicated effects which are hard to discerned by the signal [37, 38]. These
effects can be the change of polarization produced by plasma anisotropy
or refraction caused, for example, by the boundary walls of the plasma.
Moreover, the signal should be intense enough to produce a significant shift
of the fringes. This can be achieved by the correct combination between
plasma density and plasma dimensions.
All these conditions well match the case of plasma produced in gas jets by
laser ionization. The plasma channel indeed is created by a laser, whose
transverse spot has a Gaussian shape and it is of cylindrical symmetry.
Moreover, the plasma density reached with gas jets are of the order of
∼ 1019 cm−3 and diameter of few millimeters, which allows a measurable
dephasing of the probe beam. Finally, no bounds are applied to confine the
gas before the ionization, then the only source of diffraction is the plasma
itself, whose effects are small. For plasmas used in these experiments, the
temperature is not a crucial parameter since self injection of background
plasma particles happens by exceeding the so-called ”cold” wave breaking
limit which is governed only by the plasma density (as described by equa-
tion 1.36).
In the following will be described the physical principle of the plasma
interferometry, the main effects that may disturb the measurement and the
basic relations which link the measured phase variation with the plasma
electron density. In the last section will be described the methods used for
the analysis of the collected interferograms.
3.2.1 Plasma interferometry: physical principle
Interferometric measurements are often used to measure the variation
of the refractive index. An interferometer is any device in which the electric
field of two or more waves, usually derived from the same coherent source,
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Figure 3.5: Example of interferogram obtained experimentally. The fringes are shifted
in the region crossing the plasma and are unperturbed outside.
are allowed to interfere to create an interference pattern, called interfero-
gram [38]. The intensity modulation observed is caused by the constructive
or destructive interference generated by the interferometer (more details
are given in Appendix A). These lines are usually named fringes and are
collected by a CCD device.
If there is no phase difference between the two waves, the fringes are
straight. As soon as one wave goes through the plasma, it undergoes to a
plasma variation and the fringes shift allowing to determine the dephasing
as can be seen in Fig. 3.5. The wave passing through the plasma is called
probe beam while the other unperturbed is named reference beam. The
phase variation is caused by a different phase velocity vφ of the laser beam
passing through the plasma, and the phase velocity is inversely related to
the refractive index of the medium in which it is propagating and it can be
indifferently higher, equal or lower the speed of light.
The value of the phase velocity into the plasma is determined by the inter-
action between an electromagnetic wave and the electrons in a medium,
both bounded and free [37]. The bound electrons produces both absorption,
especially close to the emission lines of the atom, and dispersion. These
contributions are linked by the Kramers-Kronig relationship which says
that the refractive index at a given frequency ω depends on the absorp-
tion in the entire spectral range. The Lorentz-Lorenz formula (also named
Clausis-Mossotti [107, 108]) gives a value of the refractive index for gases
which are perfect, dielectric, homogeneous and isotropic:
η2 − 1
η2 + 2
=
Nα
30
(3.7)
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where N is number of molecules per cubic meter, α the molecular polar-
izability of the gas in C m2/V and η the refractive index of the medium.
Neutral gas gives a positive contribution to it.
On the other side the contribution of free electrons to the refractive index
is caused by the interaction of the probing laser with the waves excited in
the plasma generated by the Coulomb interactions between particles in the
Debye sphere. This interaction is then related to the plasma frequency. In
general the phase velocity in a plasma is much higher than the speed of
light, and the plasma contribution to the refractive index is negative.
The bounded electron contribution is usually negligible when the ioniza-
tion rate of the produced plasma is higher than 10% even if the laser probe
wavelength is not too far from the central wavelength of the excited state of
the atoms and absorption effects are important1. In general and also during
our experiments, the negative contribution of the free electrons on the re-
fractive index is dominant over any other effect, so plasma interferometry
is well suitable for our purposes.
The refractive index of the plasma depends on the electron density and on
the laser wavelength and can be written as follows
η =
√
r =
√
1− ne(z)
nc
(3.8)
The conditions needed to deconvolve the interferogram and then to analyse
the density plasma map are the following:
• the electron density must be well below the critical density
• the transverse density gradient is small enough to avoid severe deflec-
tion of the light that may destroy the coherence across the wavefront
of the beam
• the plasma is not be subjected to strong magnetic fields and the probe
beam is not intense enough to undergo to nonlinear effects
• the transverse geometry of plasma should be known or some assump-
tions on its symmetry can be done
Usually the plasma produced by a laser beam can be assumed to have a
cylindrical symmetry, this allows to deconvolve the measured dephasing
1The refractive index variation ∆n caused by neutral Helium at density of 1 · 1019 cm−3
when only the 10% of it is fully ionized is of the order of 5.310−5, while the variation
produced by the ionized part is 2.910−4, one order of magnitude greater.
69
and reconstruct the spatial variation of the plasma density. If ne << nc and
if the plasma is non-magnetic, as it is supposed to do in plasma acceleration,
it is always valid the approximation η ∼= 1− ne(z)2nc .
Strong magnetic fields indeed causes anisotropy into the plasma which
acts on the components of the probe beam leading them to propagate
with different velocities and change its polarization (generating the so-
called ordinary and extraordinary waves). In that conditions the resulting
inteferogram is almost unreadable due to the non perfect matching between
the two waves [38].
Assuming that there are no other difference between the two beam paths
except for the presence of plasma and that we can apply the rules of the
geometrical optics (so that the plasma density variation is small compared
to the laser wavelength), the path difference between the probe and the
reference laser can be written as follows:
∆s =
z2∫
z1
ηvacuumdz −
z2∫
z1
η(z)dz (3.9)
Since ∆φ
2pi
= ∆s
λ
, and ηvacuum ∼= 1,
∆φ =
2pi
λ
z2∫
z1
ne(z)
nc
dz (3.10)
The local phase change of the fringes is proportional to the product of the
wavelength of the probe ray and the line integrated density along the ray
path. In first approximation, the dephasing is not sensitive to the wave-
length because of the dependency of nc. The equation 3.10 belongs to the
family of the Abel Integrals and can be inverted analytically for cylindrical
symmetries.
3.2.2 Numerical methods of analysis
A Mach-Zehnder interferometer has been implemented to produce the
fringes for the interferometry measurements. The Mach-Zehnder interfer-
ometer is probably one the most used for plasma density measurements
for its simplicity and robustness [109]. However, it requires lot of space
in the experimental chamber to be implemented. Due to the very short
duration of the probe laser, a small mismatch between the two arms of the
interferometer may prevent the correct superposition of the two pulses.
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Figure 3.6: Schematic of Mach-Zehnder interferometer.
Since the pulse of the probe beam furnished by FLAME is only 50 fs long
(FWHM), the two paths of the beams cannot differ one to each other more
than 15 microns or they do not overlap anymore producing interference. By
finely moving the first beam splitter the path difference between them can
be overcome. The schematic of a Mach-Zehnder interferometer is shown
in Fig. 3.6. The probe beam follows different pathways with respect to
the reference unperturbed beam and it passes through the test area only
once. It needs two equal beam splitters (usually are preferred 50% trans-
mission beam splitters to improve the visibility i.e. the difference between
the higher and lower value of the fringes) and two mirrors for recombining
and dividing the beams. The fringe spacing and the plane of localization
of the fringes can be controlled by varying the angle between the beams
adjusting the last beam splitter.
For analyzing the interferograms a Matlab GUI program has been imple-
mented. Interferogram can be spatially calibrated by using some reference
in the image, like the shadow of the nozzle whose diameter is known, or
can be performed in a different acquisition before the experimental cam-
paign. The calibration is fundamental for the inversion process and this
procedure must be done accurately. Once the interferogram has been cali-
brated the dephase on the fringes can be analyzed. The analysis consists
in two different steps. The first one is the reconstruction of the dephasing
which produces a phase map obtained by the shift of the fringes recorded
on the interferogram. This operation has been implemented by using the
Fast Fourier Transform (FFT) methods as proposed by Takeda [110]. In this
method, the dephasing map can be extracted by the spatial variation of the
fringe intensity and visibility through the FFT of the interferogram. Once
evaluated the phase-map, since it is assumed to be an Abel transform of the
crossed refractive index, it is inverted by using the Abel inversion [111].
Some interferograms have been simulated to test the validity of the anal-
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Figure 3.7: Longitudinal and transverse profile (respect to the symmetry axis) simu-
lated to test the interfence analysis program. The peak density of the plasma is 1 · 1019
cm−3, the transverse density profile is a parabolic while its longitudinal trend is a cos-
inus going from 0 to pi from 500 to 2800 microns.
ysis. An interferogram of a synthetic plasma of 2.3 millimeter length and
parabolic transverse density profile has been simulated. Longitudinally the
density has been multiplied with a cosine function which goes from 0 to
pi radiants. The peak of the density is set to 1 · 1019 cm−3. The longitudinal
and transverse profile of this plasma volume (referred to the symmetry
axis) is shown in Fig. 3.7. The dephasing map expected from this simulated
plasma is shown in Fig. 3.8. Due to the cylindrical geometry, the dephase is
lower at the ends of the distribution, because of the shorter path of the laser
passing through the plasma, while it is higher in the middle. This allows
to automatically detect the symmetry axis of the distribution. The goal of
the implemented GUI is to reach this dephasing map from the analysis of
the interferogram, then to Abel invert it and finally reconstruct the density.
The inteferogram has been reconstructed by assuming a laser probe of 400
nm wavelength which produces an interference pattern of 20 pixels per
fringe. The analysis of the simulated interferogram reproduces the initial
conditions with a mismatch of the order of 17%, as is reproduced in Fig. 3.9.
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Figure 3.8: Simulated dephasing map of a probe beam of λ = 400 nm passing through
a plasma volume of the same distribution described in Fig. 3.7. The dephasing is nor-
malized to 2pi.
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Figure 3.9: Analysis of the simulated interferogram as it appears on the GUI imple-
mented for this thesis work. The left image shows the reconstructed density map. The
right image shows the reconstructed dephasing map. The peak density reconstructed
is 8.340 · 1018 cm−3, the 17% lower than the original one.
Chapter 4
Experimental characterization of
gas filled and ablative capillary
discharges
This chapter concerns the experimental results on capillary discharges.
The first part of this chapter will be devoted to the experimental setup im-
plemented for the characterization of the gas-filled capillaries. In gas-filled
capillaries a current pulse of several amperes passes through the capil-
lary filled with gas ionizing it. This method furnishes a centimeter-length
plasma channel allowing to avoid the depletion of the driver pulses [36, 90].
It is straightforward that both the discharge current profile as well as the
plasma density must be characterized. The physics of the gas discharge in
hydrogen-filled capillaries will be described in the second section as well
as the measurements of the variation of the current profile by varying the
applied voltage and the capillary length. These measurements are funda-
mental to understand the effects of the current discharge on the electrons
and on the ionization process [36, 83]. Both these aspects are very important
for acceleration and plasma lens experiment.
The second part of this chapter will investigate the plasma density and its
spatial and temporal variation inside capillaries. The setup implemented
for this analysis and described in Section 3.1 allows to detect in a single
shot the evolution of the plasma density variation along the entire capillary
length in steps of 100 ns. As far as we know, this is the first time that such
analysis has been performed for measuring the plasma evolution inside
a capillary. Different capillary length have been investigated to check the
variability of the plasma density and of the current discharge on it. Two
capillaries of 1 and 3 cm length and diameter of 1 mm have been tested.
Moreover, also different discharge circuit components, to vary the current
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Figure 4.1: Schematic of the discharge circuits used for our experimental campaign.
The two circuits implemented have storing capacitor of Cstore = 2 nF and Rout = 100
Ω output resistance, and Cstore = 7.2 nF and Rout = 36.5 Ω.
flowing into the circuit. All the the measurements have been performed in
the SPARC beamline where they have been mounted.
Finally, plasma density in laser trigger ablative capillaries has been mea-
sured in a test chamber and not in the accelerator line. Indeed, in these
capillaries the plasma is produced by the ionization of the material evapo-
rated from the capillary walls which may contaminate the high vacuum
structures of the accelerator. Nevertheless the physics related on the plasma
dynamics at the later stages of the discharge is the same as for plasma pro-
duced in gas filled capillaries [93] then it is a valid solution to investigate
the plasma evolution by using relatively cheap materials and without the
safety issues typical of the pure hydrogen ionization.
4.1 Experimental setup
The discharge circuit has to furnish high current of the order of hun-
dreds of amperes and make it passing through the capillary allowing the
discharge process. To do this, an high voltage is stored into one or more
capacitors. The schematic of the discharge circuit used for our experiments
is shown in Fig. 4.1. The storing capacitor is loaded by a high voltage gen-
erator. A high impedance is placed between them to reduce the current
flowing during the loading preventing from damages both the generator
and the capacitor. The capacitor stores the high voltage until a TTL signal
triggers a fast solid state thyristor which let the voltage to flow to the elec-
trodes of the capillary letting the discharge happen.
All the current measurements exposed in this dissertation have been per-
formed by using a Pearson Beam Current monitor (BCM) of 2.5 ns of
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Figure 4.2: Experimental setup for the measurements of the main characteristics of the
hydrogen filled capillary plasma source.
useable rise time connected with Oscilloscope LeCroy Wavesurfer 454, of
500 MHz bandwidth and 2 GS/s. The BCM has been placed around the ca-
ble which send current from the capacitor to the capillary. The oscilloscope
has been triggered by the output signal of the gate monitor of an ICCD
Andor Camera used for spectroscopic analysis of the plasma emitted light.
The gate of the camera has been synchronized with the discharge trigger,
ensuring a jitter respect to it of the order of 35 ps (rms), which is well below
the resolution of the oscilloscope.
Two constraints act on the operation of the circuit. The first one regards
the maximum voltage that can be applied which is ruled by the maximum
voltage sustained by the thyristor and this maximum value is close to 25 kV.
The second one regards the maximum frequency allowed for the discharge.
The circuit can operate up to 10 Hz since the time to load the capacitors
is much shorter than 100 ms and the components are projected to sustain
high power. Nevertheless the vacuum inside the experimental chamber
is of crucial importance for the operation of the entire machine then the
pressure inside the chamber rules the frequency. Actually it has been set to
1 Hz.
The experimental setup used for the density measurements is shown in
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Figure 4.2. Different capillaries have been used during this experimental
campaign. The first one is a sapphire capillary of circular cross section of 1
mm diameter fed by two gas inlets of 0.5 mm diameter placed at 7.5 mm
from each edge of the capillary. The capillary is inserted a 3D printed holder
where the gas inlets are printed. The inlet of the 1 cm long capillary has 0.5
mm diameter and it is placed at the half of the capillary length. The 3 cm
long capillary, instead, is fed by two inlets of 0.5 mm diameter in the same
configuration of the sapphire capillary.
The hydrogen injected into the capillaries is produced by the electrolysis of
water by the NM Plus Hydrogen Generator furnished by Linde. The inlet
pressure of the gas is imposed outside the vacuum chamber more than 1
m far from the fast valve which let the gas to flow into the capillary and it
can be varied by a pressure regulator. The valve is opened for 3 ms then
the discharge happens few microseconds after its closure. The short time of
the valve opening is dictated mainly by the pressure inside the interaction
chamber which is placed downstream from the accelerating sections. The
vacuum has to be maintained below 1 · 10−7 mbar into the experimental
chamber before every shot to avoid breakdowns in the near accelerating
structures and Radio Frequency Deflector. Vacuum degradation, indeed,
may cause breakdown discharges in the accelerating structures and resid-
ual particles can interrupt the electron beams.
Between the two ends of the capillary is applied a voltage driven by one of
the discharge circuits described in the previous section. For the measure-
ments showed in this dissertation, the Cstore = 7.2 nF and Rout = 36.5 Ω
circuit has been used. The current of the discharge has continuously been
monitored by a Pearson BCM placed around one of the two wires that feeds
the capillary electrodes. The discharge has been triggered 10 µs after the
closure of the valve. Even though, a scan of the discharge delay has been
performed as described in the following sections.
The setup for spectrally analyze the self emitted light of the plasma is
shown in Fig. 4.3. The light emitted by the plasma is collected by a system
of lenses that produces an image of the capillary onto the entrance slit of an
imaging spectrometer as described in Section 3.1.3. The spectrometer used
is a Czerny-Turner SpectraPro275 of the ARC instruments, having an aper-
ture ratio of f/3.8, focal length of 275 mm, and equipped with a Richardson
plane holographic grating of 2400 g/mm. The spectral calibration of the
spectrometer has been performed with Laser Induced Breakdown Spec-
troscopy (LIBS) technique, revealing a dispersion of 0.6538 nm/mm. We
obtained the time dependence of the plasma density by scanning the rela-
tive delay between the discharge trigger and the camera gate. The spatial
variation of the plasma density along the capillary was obtained by analyz-
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Figure 4.3: Measuring system setup implemented in the SPARC_LAB bunker.
ing different rows of the spectral image corresponding to different points
inside the capillary. The instrumental broadening of the spectrometer has
been measured along the entire image dispersed by the spectrometer. The
values has been calculated by fitting with a Gaussian both the Balmer lines
acquired with the proper delay to ensure that the instrumental broadening
effect is dominant, i.e. with 1600 ns delay after the plasma formation. At
that time, the electron density becomes so low that the Stark effect would be
negligible and the instrumental broadening becomes dominant [112]. The
instrumental broadening averaged over all the height of the spectrogram
is approximatively 0.401 on FWHM for Balmer alpha line, and 0.213 nm
for Balmer beta. These values affects very few the calculation, nevertheless
their effect has been taken into account during the analysis.
4.2 Discharge current profile for plasma ioniza-
tion in gas-filled capillaries
The current generated in a gas-filled capillary discharge allows the ion-
ization of the gas contained in it. The ionization rate, the temporal density
variation and the temperature of the plasma depend on the amplitude and
the duration of the current discharge. Moreover, if the discharge is properly
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timed with the electron bunches it can be used to correctly focalize the elec-
tron beam by the mechanism of active plasma lensing [82, 83] as described
in Section 2.2. The knowledge of the current shape and its amplitude, as
well as its temporal and amplitude jitter, is then mandatory for studying
the ionization process and its focusing properties.
The main characteristics of the discharge can be controlled by properly de-
signing the discharge circuit. In addition, by varying the initial gas pressure
and the voltage amplitude applied to the electrodes it is possible to finely
tune the principal discharge properties. Since the discharge is sensitive to
many parameters that cannot be accurately controlled during the manu-
facturing, like the exact capillary and electrodes shape, the experimental
measurements are necessary for tuning the device.
In this section, will be firstly introduced the physics of the discharge in hy-
drogen filled capillaries. Then the studies and the measurements performed
for the design of the discharge circuit will be described. Two different dis-
charge circuits have been implemented for this experimental campaign
to study the effects of different components on the discharge and plasma
properties. The capacitor used to store the energy before the discharge
and the last resistor, which control the current flowing into the capillary,
has been varied. The two implemented circuits have respectively a stor-
ing capacitor of 2 nF, coupled with 100 Ω of output resistance, and 7.2 nF
with 36.5 Ω of output resistance. They have been characterized in terms of
temporal and amplitude jitter, and shape for different applied voltages and
capillary geometries. In particular its jittering, its peak and its shape has
been studied. These results will be presented.
4.2.1 Discharge in hydrogen-filled capillaries
To control the plasma generation in gas filled capillary the physics of the
discharge and the ionization process must be studied. The discharge in a
gas filled capillary is a complex mechanism which involves many physical
processes and many studies have investigated it both theoretically [36] and
experimentally [49].
Three different stages can be identified in a capillary discharge [36]. In the
first stage, the electron density, the electron temperature and the degree
of ionization increase as the current increases till the moment of almost
full ionization. The gas is ionized mainly due to collisional process and
it is ignited by the mechanisms described by the theory of the Townsend
discharge [113]. Gas ionization is caused by free electrons accelerated by a
sufficiently strong electric field that give rise to an avalanche multiplica-
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Figure 4.4: Electron temperature and density profile calculated for temperature of 2 eV
and an on-axis background density of 1 · 1017 cm−3 at the equilibrium. The pressure is
constant along the transverse dimension and it is set to 300 mbar.
tion caused by the ionization of molecules by ion impact. In this stage the
current produces an azimuthal magnetic field which is too low to confine
plasma. The radial distribution of temperature, density and ionization de-
gree remain homogeneous, and the characteristic time of penetration of the
electric field in the plasma (skin time) is so short (∼ 1 ns) that the current
penetrates the plasma very quickly and the plasma is heated and ionized
locally. When the plasma is almost fully ionized, which in hydrogen plasma
happens when the temperature is∼ 2 eV, the rising of the electric current al-
lows the increase of the temperature and the thermal flux. The dependency
of the ionization degree on the plasma temperature is given by the Saha-
Boltzmann equation (equation 1.31). During this second stage the plasma
pressure is homogeneous along the transverse dimension. The balance of
pressure is expected to occur after ∼ 10 ns as showed by MHD simulations
[36], so very quickly compared to the discharge duration, which is of the
order of some hundreds of nanoseconds. At this point the different thermal
flux of the cooler capillary wall leads the temperature to decrease near the
borders, while it remains maximum along the axis. Indeed, the longitudinal
thermal propagation (caused mainly by radiative cooling) is negligible with
respect to the transverse flux caused by the thermal conduction of the wall.
Due to the pressure equation P = nekbT , to preserve the pressure unifor-
mity, the electron density become lower along the axis and higher near the
borders. The density profile so obtained is the so-called parabolic or hollow
density profile [49] whose typical shape is shown in Fig. 4.4. In the third
and last stage of the plasma discharge, plasma remains almost immobile
in radial direction and it corresponds to a quasi-steady-state equilibrium
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at a given electric current. The radial density distribution remains almost
constant if excluded the external flow of the particles, while the tempera-
ture reaches its maximum with the maximum of the electric current, then
it decreases preserving its transverse profile. The parabolic density profile
exists until the total recombination of the hydrogen.
The project of the discharge circuit is a key step for properly control the
ionization process through the current evolution. Indeed, plasma tempera-
ture and ionization ratio depend on the maximum peak current reached
inside the capillary. The model necessary for the study of the discharge has
been implemented on a Mathematica routine and has been verified experi-
mentally [114, 115]. In this code the plasma is considered like a resistance
and the power transferred from the discharge to the plasma is modelized
as resistive loss.
The heat transferred from the discharge to the plasma can be simulated by
evaluating the thermal capacity of the plasma at a constant volume and the
plasma resistance given by the so-called Spitzer formula
Rp = BresZ
ln(Λ)
T
3/2
e
Lcap
Scap
(4.1)
where Lcap and Scap are respectively the length and the transverse section
of the capillary, Te is the electron temperature of the plasma, ln(Λ) is the
Coulomb logarithm and Z is the ionization degree. Bres is a constant. Fi-
nally the Saha equation (described in Section 1.3.5) describes the degree of
ionization of the gas. With this simple model it is possible to approximate
with good reliability the temperature profile during the discharge [115].
4.2.2 Discharge current measurements
The key elements for discharge circuit are the storing capacitors and
the resistance connecting capacitors to the electrodes. The firsts rules the
energy that is going to be transferred to the plasma, then the temperature
and the ionization rate of the plasma. The seconds let to control the current
flowing into the capillary.
Two different discharge circuits have been implemented to study the dis-
charge profile variation caused by different capacitors and different output
resistances. The first one is composed by 2 nF of storing capacitor and
100 Ω of impedance. This circuit does not allow to reach currents higher
than 120 A. The other circuit implemented for our experiments have a 7.2
nF capacitor, obtained with two parallel capacitors of 3.6 nF, an 36.5 Ω of
output resistance. This circuit has been implemented to increase the peak
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current flowing into the capillary by decreasing the last resistance and to
store more energy to ensure the complete ionization of the gas. All the
following measurements have been performed by triggering the discharge
10 µs after the valve closing. After this short delay the gas flows constantly
and the closure of the valve does not affect the neutral density into the
capillary.
Current peak versus applied voltage
The current flowing inside the capillary depends on the voltage applied
to its electrodes and on the volume of gas to ionize. The dependency of the
peak current on the plasma dimension has been analyzed by averaging the
maximum peak current of the discharge over 50 shots varying the applied
voltage in two different capillaries of 1 mm diameter and 1 cm and 3 cm
length respectively. The capillary has been filled with 100 mbar of hydrogen
gas measured at the manometer. The result of this analysis is shown in Fig-
ure 4.5. The trend of the curves suggests a linear dependence between the
applied voltage and the current peak. This is not surprisingly since the only
source of evident non linearity is the plasma whose resistance vary with
the temperature and the geometrical plasma dimensions. Once ionized, the
resistivity of the plasma is although very low (of the order of few ohms
[115]) and the current flowing depends mainly on the output resistance
which maintains its expected linear behavior. By linearly interpolating the
data it is possible to see that the slope is not particularly affected by the
different length of the capillary. On the opposite, the intercept changes
due to the fact that more power is dissipated passing through the bigger
volume of the capillary, then the equivalent plasma resistance increases.
The peak density variation has been studied by varying the last resistance
and the capacitor connecting the two circuits on the same capillary geome-
try. The results shown in Figure 4.6 refer to the current measured on 1 cm
long, 1 mm diameter capillary with the two different circuits. The capillary
has been filled with 100 mbar hydrogen gas. The lower resistance and the
increased capacitance increase the peak current, as expected. Moreover, the
growth of the current peak is still linear with the high voltage but its slope
is different due to the lower output resistance and the increased capacity.
The circuit having Cstore = 7.2 nF andRout = 36.5 Ω allows to reach currents
higher than 250 A, which are needed to study the focusing effects of the
plasma discharge on the electron beams.
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Figure 4.5: Comparison of the maximum peak of the discharge current obtained with
the 2 nF, 100 Ω circuit with capillaries with different length, respectively 1 cm and 3 cm
long, and the same diameter. The data have been interpolated with a linear curve.
Changes of discharge profile by varying capillary length
From the observations mentioned in this chapter, we expected that not
only the peak of the current but also the entire temporal profile of the
discharge is affected by the capillary length. In Figure 4.7 the temporal
profiles of the discharge obtained in two different capillaries, respectively
long 3 cm and 1 cm with the same diameter of 1 mm, filled with 100 mbar
of hydrogen are shown. The longer capillary requires more time to reach
its maximum (almost 166 ns). This may be explained by the longer time
needed for the discharge to ionize the bigger volume of gas. The equivalent
plasma resistance then falls down slower due to the longer ionization time
and the slope of the rising current is then lower. Moreover, the longer
time needed to the electrons to cross the entire capillary length play an
important role in the delay of the igniting discharge [115]. After reached
their maximum, the current decrease almost with the same exponential
decay. The decay constants of the two curves are respectively τ = 251.54 ns
for 1 cm long capillary and τ = 269.73 ns for the one long 3 cm. The profile
of the discharge has been correctly simulated by the program implemented
for its design [115].
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Figure 4.6: Comparison between the peak current measured in a 1 mm diameter, 1 cm
length by varying the discharge circuit.
Discharge reproducibility
The discharge stability and reproducibility is an important issue for our
applications. The density evolution, especially the density distribution that
the bunches are going to face passing through the capillary, depends on the
discharge intensity and its ignition. Moreover, active plasma lens is based
on the high current amplitude flowing during the beam crossing of the
plasma, and the improper variation of this value lead to an unacceptable
jittering of the spot dimension of the beam [83].
The study of the jittering of the discharge current has been performed by
considering the knee point where the discharge do not increase anymore
reaching a flat-top current profile (see Figure 4.7). Further increasing of the
current is caused by the slow rising of plasma temperature caused by the
flowing of the current in the already ionized gas. The temporal jitter of the
current for different applied voltages for both circuits is exposed in Figure
4.8. On the left plot is plotted the average value of the discharge delay
respect to the trigger with the respective error bars. On the right it is plotted
the standard deviation per each voltages. Almost 100 acquisitions has been
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Figure 4.7: Comparison between the current profiles obtained by applying 20 kV to
the 2 nF, 100 Ω circuit in a 1 cm long and 3 cm long capillary.
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Figure 4.8: Time jitter of the maximum current in a hydrogen filled capillary discharge
in a 1 cm length, 1 mm diameter and 300 mbar of background pressure applied. On the
left plot the average values with the respective standard deviations is plotted. On the
right the standard deviation for each voltage value are plotted.
taken, with 300 mbar of hydrogen pressure in a 3 cm long, 1 mm diameter
cylindrical capillary. As can be seen, the time needed by the discharge to
reach the flat top decreases as the applied voltage increases (left plot). At
the same time, the jitter around the mean value decreases by increasing
the voltage and this trend is evident for both the discharge circuits (right
plot). When 4 kV is applied the discharge is very unstable and its profile is
very unpredictable. By using the circuit with higher capacitance and lower
output resistance, the time before the discharge is ignited increases, but its
deviation from the mean value decreases. The longer time needed by the
discharge to reach its maximum is caused by the higher power that can be
furnished by the capacitors, then by the time needed to reach the higher
current.
A similar trend can be observed by analyzing the amplitude jitter of
the maximum current as can be seen in Figure 4.9. The amplitude of the
discharge is much higher for the circuit with higher capacitance, but its
standard deviation is substantially lower ensuring a higher precision of the
discharge amplitude.
To study more in details the discharge stability of a single working point the
scatter plots of 100 acquisitions obtained with the two different circuits with
20 kV of applied voltage are shown in Figure 4.10. The histograms show
the recurrency around the mean value of time and amplitude. These plots
show a small dependence of the time of the discharge with the amplitude,
more evident for the circuit with higher resistance and smaller capacitor
(2 nF, 100 Ω). The time jitter is then related to the amplitude reached and a
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Figure 4.9: Amplitude jitter of the maximum current in a hydrogen filled capillary dis-
charge in a 1 cm length, 1 mm diameter and 300 mbar of background pressure applied.
On the left plot the average values with the respective standard deviations is plotted.
On the right the standard deviation for each voltage value are plotted.
higher amplitude implies lower jitter of the maximum current. The 7.2 nF,
36.5 Ω circuit ensure a good shot to shot reliability, with error lower than
0.1 % for both amplitude and time (instead of the ∼ 3% of the other circuit).
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Figure 4.10: Amplitude and time jitter measured for 20 kV voltage applied with the 2
nF, 100 Ω (upper) and 7.2 nF, 36.5 Ω circuit (lower).
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4.3 Longitudinal and temporal density variation
In external injection experiments the acceleration gradient depends on
plasma density. As well the dimensions of the wakefields depend on the
plasma frequency which is related to the electron plasma density by equa-
tion 1.18. Variation in plasma density along the interaction length results
in a variation of the accelerating structures, which must be controlled to
preserve the quality of the accelerated beam.
In external injection experiments, both laser driven and particle driven, the
knowledge of the plasma density configuration is mandatory to properly
control the acceleration. Transverse plasma distribution in gas filled cap-
illaries has been investigated both analytically and experimentally in the
past [49, 77], showing that the electron density configuration of a hydrogen-
filled cylindrical capillary is approximately flat around the axis where the
interaction takes place, while it assumes the typical parabolic profile going
further from the axis. Simulations performed during this thesis showed
that the the results of the spectroscopic analysis described in chapter 3.1
of the light emitted from a cylindrical symmetry plasma, supposing no
re-absorption and no line intensity variation caused by the plasma density
variation [38], refers to the average plasma density of the observed volume.
Transverse matching conditions impose that at the plasma entrance the elec-
tron beam transverse size is set by the Twiss beta function βeq =
√
γ/2piren0
at the equilibrium, where re is the classical electron radius, γ is the Lorentz
factor and n0 is the background plasma density. Assuming γ = 200, n = 3
mm mrad and n0 = 1016 cm−3, βeq = 1.1 mm, which corresponds to an
rooth-mean-square (rms) beam size of about 4 µm. Therefore since the beam
dimensions are much smaller than plasma dimension, the beam passes
through an almost transversally homogeneous plasma channel during the
acceleration. On the opposite the variation of longitudinal plasma density
is crucial because variations of the longitudinal wave dimension may lead
the accelerated beam to be dephased with the driver being defocused or
decelerated by the plasma. Moreover, the transition between vacuum and
plasma if not properly controlled may lead to increase the emittance of the
beam. Then its length variation as well as its density has to be studied. In
plasma based experiments the shot-to-shot variation of the plasma density
and its uniformity are required to be maintained within several percent.
All these quantities have been measured. The first part of this section will
describe the spectral transmission of the used capillaries and its variations
after their use. The second part will be devoted to the study of the av-
erage density variation along the capillary and its variation by varying
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Figure 4.11: On the left is plotted the light transmission from 400 to 700 nm wave-
length in sapphire capillary plus 3D printed plastic holder after more than 100 thou-
sands discharges at 1 Hz. On the right it is a photo of the sapphire capillary is shown.
the backing pressure of the gas and the timing of the discharge. Then the
temporal evolution of the longitudinal plasma density will be exposed for
three different capillaries with radius of 1 mm: one made of sapphire, 3 cm
long, the others made of plastic (3D printed), 1 and 3 cm long, respectrively.
4.3.1 Spectral transmission of the capillaries
The light emitted by plasma passes through different elements before
being recorded by the CCD. Each of these elements have its spectral trans-
mission which vary with the wavelength. While the spectral transmission
of the lens, of the grating inside the spectrometer and of the intensifier
and CCD are known and written in the specific of the object, the spectral
response of the capillary is unknown. The spectral transmission of the
capillaries, the ones 3D printed in plastic material and the one made of
sapphire, has been measured to evaluate the effects of the discharge and
their degradation after being exposed to the electron beam. The optical
transmission in the range of 400-700 nm has been measured with a Varian
Cary 500 spectrophotometer1. In Figure 4.11 shows the different spectral
response along the window in which the line is acquire may result in a
distortion of its shape altering the measured value. Sapphire has an almost
flat spectral response in the range of our interest even after many shots.
Other capillaries used are made of VeroClear-RGD810, a commercial acry-
1We kindly acknowledge the Physics department of the University of Roma ’La
Sapienza’, Prof. S. Lupi, which made us available the spectrophotometer for these mea-
sures.
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Figure 4.12: Plot of the optical transmission from 400 to 700 nm wavelength in
VeroClear-RGD810 capillary before and after 55000 discharges working at 1 Hz. On
the right an image of the capillary before its use is represented.
late polymer transparent to visible light. The optical transmission in the
range of 400 to 700 nm has been measured before and after their use. Its
transmission is represented in Figure 4.12. As can be seen, the burnt caused
by the discharges reduces the transmission of the light especially in the
lower wavelength. The transmission of the capillaries, as well as the spec-
tral efficiency of the spectrometer, has been taken into account during the
analysis.
4.3.2 Average plasma density variation inside the capillary
Averaged plasma density, more than its longitudinal details, can be used
to characterize the global variation of the density inside the capillary. The
density is averaged over the entire length of the capillary after the analysis
described in Section 3.1.3. A typical trend of the averaged density in a 3
cm capillary filled with 300 mbar of hydrogen asset at the manometer is
shown in Figure 4.13. The highest density is reached around 500 ns after
the discharge trigger. The density shows an exponential decay from its
maximum to the complete recombination. Indeed, after some hundreds
of nanoseconds the current of the discharge is no more intense enough to
heat the plasma and the density decays exponentially. The decay can be
fitted with a decay constant which allows to predict the mean density value
as function of the delay from the discharge trigger. The decay constant is
defined as the time needed by the plasma density to reach its maximum
value multiplied by e−1. The exponential fit in Figure 4.13 is represented by
a red line and the decay constant is found to be 340.5726 ns. The control of
the plasma density can be reached by properly regulating the gas pressure
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Figure 4.13: Comparison between the discharge profile and the average density along
the capillary. The density data have been fitted with an exponential curve (red line).
inside the capillary. This can be obtained in two ways: by regulating the
backing pressure of the hydrogen or by waiting after the closure of the
valve to let part of the gas to flow away out of the capillary. These two
options have been analyzed.
Plasma density variation by varying gas pressure
Regulating the backing pressure is possible to vary the quantity of gas to
ionize, therefore the density of the plasma. The average density measured
along the capillary by varying the backing pressure and the acquisition
time is shown in Figure 4.14. At 1000 mbar the decay is faster probably due
to the higher recombination probability. Nevertheless, the different curves
are very close one to each other and the pressure variation does not vary
as much the density. This behavior can be caused either by the distance of
the regulator from the electrovalve or by the large diameter of the capillary.
These measurements show that our system is very little sensitive to the
backing pressure.
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Figure 4.14: Comparison between averaged temporal density evolution varying the
backing pressure.
Variations of the plasma density by varying the discharge delay
The timing of the discharge can be set by a Stanford delay generator.
The aperture time of the fast valve has been set to be short to preserve the
vacuum into the interaction chamber, but long enough to let the gas flow
constantly without transition variations, therefore avoiding the discharge
to go back through the inlets. The optimal value found experimentally is 3
ms of aperture time. After the closure of the fast valve, the gas still flows
out to the capillary because of the slow rise time of the valve and because
the volume between the valve and the capillary needs time to be empty. The
valve, indeed, is placed 5 cm far from the capillary to reduce the possibility
of unwanted discharges on it caused by its vicinity with the electrodes.
The volume between the valve and the capillary reaches soon the pressure
imposed externally, then it needs time to be empty. During this time, the
high voltage is triggered. The trigger of the discharge can be delayed to
vary the quantity of gas still contained in the capillary, then the plasma
density. For this purpose a scan of the density profile varying the discharge
delay has been done for the 3 cm long, 3D printed capillary. The voltage
of the discharge has been set to 20 kV to ensure the complete ionization of
the hydrogen [115]. The peak current reached during the discharge is 96 A.
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The backing pressure of the hydrogen was set to 100 mbar.
The results are exposed in Figure 4.15. The electron density has been av-
eraged over the 3 cm length of the capillary and images of the discharge
have been taken every 100 ns. The discharge has been delayed of 1 ms from
1 ms to 11 ms after the closure of the valve, except for the first point of
10 µs. After this delay the density inside the capillary is so low that the
discharge tends to pass through the inlets. An exponential trend let to link
the discharge delay to the density at a certain delay from the trigger of the
discharge itself. By plotting each line of the averaged density with the same
discharge delay as in Figure 4.16 this trend is evident. The exponential fit
of these lines shows that their decay constants decrease, going from 340 ns
to 240 ns by delaying the discharge after the valve closure. After 11 ms, the
discharge tends to go through the inlets instead of through the capillary
then further delay has not been measured.
This strategy leads to more density variation compared to the backing
pressure regulation and it also ensures a good reproducibility in our experi-
mental setup.
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Figure 4.15: Temporal density evolution obtained by varying the delay of the dis-
charge and the camera trigger. Each point represents the electron density averaged
along the entire capillary dimension.
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Figure 4.16: Profiles of the average electron density into the capillary obtained by
varying the delay of the discharge and the camera trigger. Each point represents the
electron density averaged along the entire capillary dimension.
4.3.3 Longitudinal plasma density variation
A key value for the correct knowledge of the beam propagation inside
the capillary is the longitudinal density profile. From the longitudinal den-
sity profile depends the efficiency of the acceleration as well as the focusing
or defocusing effects acting on the accelerating beam. An improper vari-
ation of the density may causes the dephasing of the particles into the
accelerating structure. In addition the knowledge of the real longitudinal
density profile is a fundamental informations for simulations.
The device built for our spectroscopic analysis allows to detect the plasma
density variation along the capillary length and with a temporal resolution
of 100 ns. With this technique we have analyzed all the capillaries used
for our experiment both temporally and longitudinally. The analysis of the
density evolution in 1 cm long capillary made of plastic is shown in Figure
4.17. For these measurements the discharge circuit with Cstore = 7.2 nF and
Rout = 36.5 Ω has been used. The single inlet ensures the symmetry of the
density, which is evident in the profiles taken at 400, 800 an 1000 ns after
the discharge trigger and shown in Figure 4.18. The density overcome the
value of 1 · 1017 cm−3 at 400 ns after the discharge trigger, then it decreases
being flatter. The density achieved by the latter instants of the discharge
well fit the requests for the external injection experiment (∼ 1016 cm−3).
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Figure 4.17: Longitudinal density distribution along a 1 cm plastic capillary with 20
kV of applied voltage with the Cstore = 7.2 nF and Rout = 36.5 Ω.
Figure 4.18: Longitudinal density distribution along a 1 cm plastic capillary with 20
kV of applied voltage with the Cstore = 7.2 nF and Rout = 36.5 Ω at 400, 800 and 1000
ns delay.
The same analysis has been performed for 3 cm long capillary, as can be
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seen in Figure 4.19 and Figure 4.20. The density is not exactly symmetric
probably due to some asymmetries of the inlets caused by the printing
operation. The density is lower probably due to the different discharge
circuit (Cstore = 2 nF, Rout = 100 Ω) that does not ionize completely the
gas. After some hundreds of nanoseconds the plasma density decreases
flattening its profile. The spatial distribution of the plasma density shows a
central maximum that decreases close to the electrodes. This maximum is
less evident after some hundreds of nanoseconds. This analysis allows to
predict the instant at which the injection of the beams are well suitable and
also to control online the real density encountered by the beams.
Figure 4.19: Longitudinal density distribution along a 3 cm plastic capillary with 20
kV of applied voltage with the Cstore = 2 nF and Rout = 100 Ω.
99
Figure 4.20: Longitudinal density distribution along a 3 cm plastic capillary with 20
kV of applied voltage with the Cstore = 2 nF and Rout = 100 Ω.
4.3.4 Shot to shot variation
In plasma based acceleration experiments, the uniformity of the density
within several percent and its shot-to-shot reproducibility is a general
requirement. The study of the system cannot be performed without its shot-
to-shot analysis to understand which settings are more reliable to inject the
particles. This analysis has been performed in the 3 cm long capillary and 1
mm diameter fed by a 20 kV discharge and a backing pressure of 100 mbar.
The results are shown in Figure 4.21. The average error is higher when the
density is lower, i.e. when the process of the discharge is still forming and
during the recombination. This may be caused by both the lower signal
strength caused by the lower plasma densities (the number of emitters
indeed decreases) and by a real density variation caused by the ionization
and recombination process. The standard deviation of the density along
the capillary length between 300 ns and 1100 ns after the discharge trigger
is below the 10% as requested.
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Figure 4.21: Error values averaged over the entire capillary length.
4.3.5 Analysis of the plasma outside the capillary
The transition between vacuum and plasma deserves a careful inves-
tigation and knowledge since it may affect the proper matching of the
beam into the plasma structure [116]. The length and the density of the
gas ejected by the capillary interfere with the beam at the entrance and
at the exit. The analysis of the evolution of the plume outside the capil-
lary has been analyzed for sapphire capillary with 100 mbar of backing
pressure. The length of the plasma flown outside the capillary around the
electrode connected to the mass of the discharge circuit (negative electrode)
is shown in Figure 4.22. The length of the plasma has been observed with
the Balmer alpha line (λ0 = 655.26 nm), which is more intense than Balmer
beta one. The plasma flows outside the capillary and, due to the fact that
it is recorded at different delays from the discharge trigger, it is possible
to measure its velocity which is 18400 m/s, much faster then the speed of
sound of the hydrogen (∼ 1270 m/s). This can be explained by the thermal
shock caused by the violent heat of the discharge. The vertical axis reports
the last centimeter of the capillary length, i.e. from 20 mm to 30 mm, the
plume extending from the end of the electrode to more than 35 mm. The
plume stops to grow at 600 ns after the discharge trigger and assets at 4.82
mm after the electrode surface. The analysis of the density performed on
the measured Balmer beta lines at 600 ns delay shows an average error
along the plume of 11.7% and an average plasma density of 2.75 · 1016 cm−3,
almost three times lower than the average density inside the capillary.
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Figure 4.22: Progression of the plasma density outside the capillary near the negative
electrode. The vertical axis reports the last centimeter of the capillary length, i.e. from
20 mm to 30 mm, the plume extending from the end of the electrode to more than 35
mm.
Figure 4.23: Progression of the plasma density outside the capillary near the positive
electrode. The vertical axis reports the last centimeter of the capillary length, i.e. from
10 mm to -7 mm, where the negative values are outside the capillary. The plume ex-
tends from the end of the electrode to more than 5 mm.
The positive plume has been analyzed as can be seen in Figure 4.23. The
flow out the electrode is slower than near the negative electrode and has a
velocity of 13500 m/s. The maximum length of the plume is reached after
900 ns and it is 4.82 mm long.The analysis of the density performed with the
the Balmer beta line at 600 ns after the discharge trigger shows an average
error along the plume of 10.8% and a density which is almost constant a
3 · 1015 cm3. We argued that this difference is caused by the charge of the
electrode that acts on the ions which rules the plasma diffusion [31].
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4.4 Study of the tapering in ablative capillary dis-
charge
Preliminary studies on plasma density distribution related to the capil-
lary geometry have been performed through ablative capillary discharge
as an alternative method to produce and confine plasma [88, 93]. In this
kind of capillaries the plasma is formed by the evaporation of the capillary
walls material. If the capillary is made of plastic material, hydrogen is one
of the most abundant component and the analysis of its spectral lines can
be used for measuring the electron plasma density as well as can be done
with pure hydrogen plasma.
Capillary geometry rules the plasma density distribution along the capillary.
The studies needed for the proper engineering of the longitudinal plasma
density can be performed with these capillaries whose prototyping cost is
negligible, since they are fast to produce with relatively cheap materials.
Moreover the plasma can be generated without using bottles of hydrogen
and very high voltage (few kVs instead of tens of kVs).
The longitudinal plasma density variation in a tapered laser triggered abla-
tive capillary discharge averaged along the entire discharge time has been
measured by the use of the Stark broadening technique into a test chamber
independent from the SPARC linac. Results of these measurements are
described in this section.
The proper density variation along the interaction path can improve the
matching between the accelerating waves, both laser or particle driven, and
the witness beam. Tailoring the density from the beginning to the end of
the interaction let to preserve the beam quality after the acceleration, but
also it ensures the matching between the beams and the plasma [116]. In
LWFA, the laser propagating into a plasma channel travels with a group
velocity which depends on the plasma density. Since the wakefields move
at a phase velocity that is approximately the group velocity of the pump
pulse, by properly engineering the plasma density it is possible to adjust
the matching between the accelerating particles and the laser pulse extend-
ing the dephasing length. Similarly, in particle driven PWFA schemes, the
uncorrect plasma distribution caused by the uncontrolled plasma vacuum
interface may lead the accelerated beam to travel along a defocusing phase
of the accelerating structure, degradating its emittance. The proper tailoring
of the plasma let to control the beam parameters to reduce the intrinsic
emittance growth of particle plasma interaction.
Tapering the capillary is the easiest way to change locally the density. By
monotonically varying the radius of the capillary the density decreases
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Figure 4.24: Image of the 3D printed tapered capillary. The capillary is 2 cm long, has
a radius of 500 µm along the first 1.4 cm and it is tapered in its lasts 0.6 cm with an
angle of 10 degrees.
following the formula found by Kaganovich and co workers [47]
ne[cm−3] = 2.5 · 1017I1.2m [kA]R−3.2c [mm] (4.2)
This formula has been obtained by fitting simulation results and comparing
them with interferometric measurements. It links the variation of plasma
density along the axis with the local radius of the capillary Rc so that the
electron plasma density ne[cm−3] is proportional to R−3.2c [mm]. By using a
tapered capillary like the one showed in Figure 4.24, it is possible to predict
the trend of plasma density along the capillary.
4.4.1 Experimental setup
The plasma has been produced in a 3D printed plastic ablative capillary
of 500 µm radius, 2 cm length, and a tapering of 10 degrees starting 6 mm
before one end. A voltage of 6.3 kV between the two ends of the plastic
capillary was applied by a capacitor of 2.5 nF charged by a discharge circuit
as shown in Figure 4.25. The discharge circuit is different from the circuit
used for gas-filled capillary since the voltage needed for the ignition is
lower and the discharge is triggered by a laser, then the capacitor is placed
downstream of the thyristor since it cannot be discharged without the
laser pulse. A Nd:YAG laser delivering 10 ns pulse, 30 mJ at 1064 nm
is focused at the entrance of the capillary from the cathode to ignite the
discharge. The light emitted by the plasma is collected transversely by an
imaging system consisting of three metallic mirrors and two lenses of 7.5
cm diameter, with focal length of 15 cm and 20 cm respectively. The light is
sent to an imaging spectrometer (SpectraPro275) with a 2400 G/mm grating.
The output of the spectrometer is imaged on a back illuminated camera
Pixis1300b of Princeton Instruments. The pixel dimension of this camera
(∼ 20µm) allowed a dispersion value of 0.004 nm per pixel. To preserve the
spatial resolution of the image the camera has been set-up with full-frame
readout, then the acquiring time was rather long (945 ms). This causes
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Figure 4.25: A voltage of 6.3 kV between the two ends of the plastic capillary is ap-
plied by a discharge circuit. The light emitted by the plasma inside the capillary is
collected by a system of two lenses of 20 and 15 cm focal length and it is sent into the
spectrometer slit. The output of the spectrometer is then imaged on a Pixis1300 camera.
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the images to be recorded over a very long time, causing acquiring of
continuous and discrete spectral emission [39]. From the measured spectra
we have verified that the Balmer alpha line was considerably higher than
the continuous background. Moreover, the Balmer alpha line is stronger
and broader in the early stages of the plasma lifetime, but later it becomes
weaker and narrower. We argued that the value of the measured broadening
refers to the mean density value during the acquisition.
4.4.2 Analysis and results
The spectra collected during the experiment have been analyzed. The
shadow of the electrodes, whose thickness is known, are imaged on the
spectrometer slit, allowing for the spatial calibration of the spectrogram.
In addition, more wires of known thickness have been placed along the
capillary to help the calibration. The image has been binned on its longi-
tudinal profile to increase the precision of the measurements. The results
on the tapered capillary with the relative error bars obtained over 9 shots
are shown in Figure 4.26. The solid line is a third order polynomial fitting
function. The horizontal axis shows the distance in mm from the external
surface of the electrode, the negative values are inside the capillary. Each
spectroscopic image contains informations on the plasma density inside the
capillary, in both tapered and non tapered parts, and on the plasma density
outside the capillary. The error bars represent the maximum deviation from
the mean value, which is always within the 10% inside the capillary. For
the plasma density outside the capillary, the error increases but remains
always within the 20%. The density starts to decrease monotonically near
the beginning of the tapering. The expected maximum density value ob-
tained with the power law expressed in equation 4.2 at the beginning of
the tapering should be of 5.4 · 1017 cm−3 [47], higher than the measured
value. We argued that this difference is caused by the long acquisition time
of the camera we have used. Plasma density outside the capillary can be
measured since the light emitted by outer plasma is still clearly visible on
the spectrogram.
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Figure 4.26: Plasma density variation along the capillary axis averaged over 9 shots
and their maximum variation from the average value.
Chapter 5
Interferometric density
measurements for LWFA
Internal injection Laser Wakefield Acceleration is one of the most stud-
ied laser-plasma technique for electron acceleration and it is particularly
attractive due to its unique characteristics in terms of high accelerating
gradient (∼ GV/m), energy spread lower than <5% and significant beam
current (>10 kA) [10]. Different strategies have been developed to improve
the quality and the efficiency of the acceleration. Nevertheless, the high
energy spread of the particles and the shot-to-shot reproducibility of the
beam are still an issue [2]. A proper knowledge of the shot-to-shot beam
parameters may improve our understanding on the acceleration process
paving the road for further optimization of the source [117]. The LWFA ex-
periments scheduled at SPARC_LAB have the aim to characterize the main
properties of laser plasma generated electrons, such as emittance and mean
energy value, by a single shot measurement. A proper characterization
of the plasma electron density during the laser propagation is mandatory
for the correct understanding of the acceleration process especially at the
instant when the electrons leaves the interaction region and are subject to
a very strong emittance worsening which makes them quickly unusable
[118].
In this chapter will be described the setup of the LWFA experiment, show-
ing the principal laser beam properties measured during the experimental
campaign. Then, the experimental results of the beam quality generated
by laser-plasma interaction will be shown. The measurements of plasma
density for the ionized plasma channel as well as a snapshot of the laser
propagation in the gas jet will be presented.
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Figure 5.1: Schematic of LWFA experiment performed at FLAME. The main pulse is
focalized on the edge of the gas nozzle fed with helium gas. The spot of the produced
electrons can be detected by a lanex screen placed 50 cm far from the nozzle. A motor
can move a permanent dipole magnet of 1 T into the electrons trajectory to measure the
electron spectrum. Plasma density of the ionized gas is detected by a Mach-Zehnder in-
terferometer in which a probe pulse of 400 nm wavelength is sent. A delay line placed
outside the vacuum chamber (not showed) let to vary the arrival time of the probe
respect to the main beam.
5.1 Experimental setup
The laser wakefield acceleration experiment performed at SPARC_LAB
has the aim to produce electron beams with good reliability and repeata-
bility to study the accelerated electron beam properties and for further
application of LWFA.
The experimental setup of LWFA experiment is shown in Fig. 5.1. The
main pulse of FLAME, with central wavelength of 800 nm, 35 fs duration
(FWHM) and 1.7 J on target, is focalized on the edge of the gas nozzle. The
gas jet used for this experiment is a supersonic capillary fed with helium at
22 bar of backing pressure. The design of the capillary is illustrated in Fig.
5.2 [119]. The laser spot has been measured in the interaction point with a
Basler Scout 750 camera and a microscopic objective. The measurements
showed a Gaussian profile of σ = 11.76 µm, ensuring that more than the
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Figure 5.2: Schematic of the gasjet used for our experiment [119]. The gas-jet design
allows for supersonic gas flows, increasing the density. Technical design is courtesy of
V. Lollo.
15% of the energy on target is contained into the waist. The achieved inten-
sity then is 6.84 · 1018 W/cm2. The normalized vector potential a0 has been
estimated to be 1.81. During the experiment the gas jet has been moved to
reach the best condition for accelerating electrons. The produced electrons
can be detected by a lanex screen placed 50 cm far from the nozzle. The
lanex screen allows to measure the transverse spot and the divergence of
the electron beam. A motorized stage can move a permanent dipole magnet
of 1 T on the trajectory of the electrons to detect the electron spectrum. The
dipole is placed 13 cm far from the nozzle.
Plasma density of the ionized gas is detected by a Mach-Zehnder inter-
ferometer in which the probe pulse is sent up-shifted to 400 nm. The probe
beam is extracted after the second multipass amplifier with a beam splitter,
then it is sent to the experimental room. The produced probe beam is 50 fs
FWHM and 18 mm of transverse spot in the interaction point. The duration
of the probe beam has been measured with FROG interferometric technique
[120]. Due to the very short duration of the probe laser, a small mismatch
between the two arms of the interferometer may prevent the correct su-
perposition of the two pulses. By finely moving the first beam splitter the
path difference between them can be overcome. The fringe spacing and the
plane of localization of the fringes can be controlled by varying the angle
between the beams adjusting the last beam splitter. The imaging of the
plasma channel is allowed by a lens of 25 cm focal length placed outside
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Figure 5.3: Example of acquired interferogram. The shadow of the gas jet, visible in
the lower part of the image, has been used for the spatial calibration of the image.
the chamber 50 cm far from the plasma. The interferogram is collected by a
Basler Scout 750 camera. Since the perturbation on the interferogram must
be greater than the fringe separation, the distance between the fringes has
been chosen to be almost 8 pixels per fringes (∼ 0.06 mm per fringe). This
value is usually named interfringe. The probe laser has been double shifted
to 400 nm to slightly increase the dephasing and to discern it from the 800
nm main pulse signal. The probe beam can be properly delayed by a delay
line placed outside the vacuum chamber. The minimum step allowed by
the motorized stage is 2.5 µm, which corresponds to 16.6 fs in temporal
delay. By varying the position in the delay line it has been possible to scan
the evolution of the laser into plasma channel monitoring its ionization
front.
5.2 Snapshot of laser propagation into gas-nozzle
plasma
The correct study of the laser acceleration process cannot be performed
without the proper knowledge of the density of the ionized electrons pro-
duced by the laser. This value let to understand the bubble dimensions
an the dephasing length of the channel as expressed by the equation 1.38,
which rules the quality of the emitted beam in a laser plasma accelerator.
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The electron density of the ionized plasma channel has been measured. As
well, the propagation of the laser inside the gas jet has been investigated by
measuring the electron density ionized during its passage.
For these measurements we used the Mach-Zehnder interferometer imple-
mented inside the vacuum experimental chamber. The spatial calibration
of the interferogram has been performed by using the shadow of the gas-jet
imaged on the interferogram, whose thickness is known. An example of the
acquired interferogram can be seen in Fig. 5.3. In this picture it is possible
to see the shadow of the gas jet as well as the lines bended by the plasma.
The laser propagates from the right to the left of the image. The center of
the plasma channel is lighter due to the self emitted light of the plasma.
The inhomogeneity of the transverse spot of the laser probe do not affect
the visibility of the interference lines and its effect can be easily removed
during the analysis. An example of elaborated interferogram is represented
in Fig. 5.4. The plasma channel is longer than 1.2 mm and it is 3 mm higher
than the edge of the gas jet. This caused a channel length much longer than
the dephasing length, i.e. 0.6 mm, as deduced by the measured plasma
density. This explain the high energy spread revealed in these shots [12].
The produced plasma shows approximately axial symmetry given by the
laser shape, nevertheless significant deviations from the symmetry may
occur. The Abel inversion may be applied to an artificial profile obtained
by symmetrization of both the half-space phase maps taken independently
or to the phase distribution averaged between the two halves [121] (see
Section 3.2.2). In this thesis the symmetrization of the two half-space phase
not averaged and taken independently has been used.
By moving the delay line to different instants of the laser propagation
inside the gas-jet have been recorded. This let to analyze the evolution of
the laser beam into the gas within steps of 830 fs. A snapshots of the laser
propagation into the gas are shown in Fig. 5.5. Since the laser probe is taken
from the same line of the main pulse the jitter between these two beams
is very small and do not affect these measurements. The ionization front
follows the laser propagation velocity inside the capillary. The speed of the
laser propagation inside the gas is 2.8301± 0.15822 · 108 m/s, which is in
agreement with the speed of light in a gas.
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Figure 5.4: Example of interferometric analysis. On the top an example of interfero-
gram taken 9.6 picoseconds after the impact of the laser with the edge of the gas ejected
by the nozzle. Down the results of the analysis.
5.2.1 Properties of the laser-plasma accelerated beams
The electron beam generated with the LWFA during the experiment
have been characterized by measuring the transverse spot and beam energy.
The images of the spot have been acquired by using a Lanex screen. Lanex
is a particular film sensitive to radiation which emits green light when
interacts with X-rays and electrons. In this experiment, it has been placed
into the vacuum chamber to avoid the scattering of the electrons caused
by their passing through the glass window of the chamber. The film has
been screened from the laser light with an aluminum foil. The laser beam
indeed, hitting the Lanex, produces green light indiscernible from the one
caused by electrons. By measuring the spot of the produced electrons it has
been possible to reduce the divergence of the beam leaving the interaction
point by moving the position of the nozzle. Different position of the gas
nozzle leads to different background plasma density which is lower the
further is the nozzle from the interaction point [55]. Moreover, the profile
of the plasma density changes variating the interaction between the laser
and the gas as well as between the electrons and the vacuum. Transverse
spot measurements after the optimization are shown in Fig. 5.7. These shots
reveal a high variability of their dimension, nevertheless its divergence is
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Figure 5.5: Snapshot of laser propagation. Once the laser is passed the plasma remain
ionized for long time.
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Figure 5.6: Lineouts of the plasma density averaged in 35 µm around the symmetry
axis.
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Figure 5.7: Electron spot acquired during the LWFA experiment [122] at 50 cm from
the gas jet. With this acquisitions it has been possible to determine the divergence of
the electron beam.
below the 12 mrad.
The measurement of the electron energy spectra has been performed by
inserting the energy spectrometer onto the electron lines. The spectrometer
is composed by a permanent magnet with a Lanex screen, opportunely
protected from the laser light, mounted with a certain angle respect to the
front of the magnet. The angle let to collect a wider spectrum increasing
also the resolution of the spectrometer. Some results are exposed in Fig. 5.8.
The data showed a remarkable reproducibility of the spectrum. During this
experiment we have measured a maximum electron energy of the order of
370 MeV, with good shot-to-shot repeatability.The energy spread of these
electrons is very high and this is actually the highest constraint to overcome
before their use in high energy physics.
These measurements are single shot acquisitions of the beam properties.
Other characteristics, like the transverse emittance, govern the brightness of
an electron beam then its usability in the particle accelerator field. Precedent
measurements have been performed with the pepper pot technique [117,
123]. The limits of this method is mainly due to the fact that for laser
wakefield generated electrons, the phase space is so thin that the sampling
is very inefficient especially in angle [124]. Further experiments are devoted
to measure the emittance of the produced beam in a single shot acquisition
by analyzing the OTR radiation produced by the beam hitting on a metallic
surface.
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Figure 5.8: Electron spectra acquired during the LWFA experiment [122].
Conclusions
This thesis shows my contribution to the characterization of the plasma
sources needed for the plasma-based experiments of SPARC_LAB.
During my thesis work, I have studied and implemented the tools
needed to measure the plasma density into both gas-filled and laser trigger
ablative capillaries. The diagnostic system, based on the analysis of the
Stark broadening of the emitted spectral lines, allowed to measure in a
single shot the evolution of the plasma density variation along the entire
capillary length in steps of 100 ns. As far as we know, this is the first single-
shot, longitudinally-resolved measurement based on the Stark broadening
analysis to measure low density plasma evolution (≤ 1017 cm−3) in a capil-
lary discharge. By knowing the temporal evolution of the plasma density,
it is possible to chose the correct working point for the accelerator and to
check its stability and reliability. The versatility of the system allows to
verify online the proper functioning of the acceleration process, monitoring
the variation of plasma density distribution along the acceleration path.
To complete the characterization of the gas filled capillaries, the discharge
current profile has been characterized and studied.
This system has been implemented in the SPARC bunker and it has been
used to characterize hydrogen filled capillary discharge. It is actually used
for plasma-based experiments currently ongoing in the SPARC bunker.
The same diagnostic tool has been used to study how to taper the longi-
tudinal plasma density with the use of laser trigger ablative capillaries.
Prototyping cost of these devices is negligible since they are fast to produce
with relatively cheap materials. This investigation leads to measure the
effect of the tapering of the capillary on the plasma density distribution
along the capillary length. Tailoring the density from the beginning to the
end of the interaction let to preserve the beam quality after the acceleration,
but also it ensures the matching between the beams and the plasma.
Finally, I implemented a tool for interferometric analysis of the plasma
density along the propagation length of a laser pulse in a gas-jet. For this
purpose I have implemented a Mach-Zehnder interferometer in FLAME
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bunker during the self injection LWFA experiment. The experimental re-
sults have been exposed in this dissertation.
Outlook
Capillary tapering showed its promising quality to engine the plasma
density. Further investigations will define the plasma density variation and
its temporal and spatial evolution in tapered capillaries by varying its geo-
metrical properties. Particular attention will be done to the plasma outside
the capillaries, whose characterization is mandatory to avoid beam degra-
dation before the acceleration process. The correct knowledge of the plume
can be used to properly match the beam. Another improvement will be the
analysis of the transverse density profile by spectroscopic observation.
New interferometric analysis will be performed for better characterizing
the dynamic of the LWFA, and different algorithm for the Abel inversion
will be hopefully implemented to analyze the non-axis symmetric plasma
density. This will be used for future FLAME experiments.
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Appendix A
Interferometry
An important method to diagnose the plasma density in an underdense
plasma (n < nc) is the interferometry.
Interferometry is any kind of measurement of a physical quantity based
on a well known physical phenomenon that is the interference [125]. This
phenomenon is based on the interaction between two spectrally coherent
light beams (i.e. with the same frequency) interacting on the same path
and projected on a surface that can be a passive surface or the device used
for collecting data like a CCD. An interferometer is just a device that pro-
duces interference. Interferometry can be used to measure spectral and
temporal coherence, wavefronts, difference in the path length and refrac-
tive index, that may vary for some related process. In plasma physics, for
example, refractive index is deeply related with the electron density of
plasma (η =
√
1− ne
nc
).
In this appendix will be explained the physical principle of the interference,
then will be briefly introduced the interferometers, and the Mach-Zehnder,
the interferometer used in this thesis, will be introduced.
A.1 Physical principle, Interference
The instantaneous Intensity of a generic electromagnetic wave can be
written as follows [126]
I = |P | = 1
Z
|E|2 (A.1)
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where P = E×B
µ
is the Poynting vector and the electromagnetic field prop-
agates as an ideal plane waves1. For the principle of superposition, the
electric field of the wave produced by the superimposition of two coherent
monochromatic beams is given by the sum of the two phasors of the electric
field, respectively E1 = E01ej(k1·r1−ωt+φ1), and E2 = E02ej(k2·r2−ωt+φ2), where
E02 and E02 are real vectors.
Since∣∣E1 + E2∣∣2 = ∣∣E1∣∣2 + ∣∣E2∣∣2 + 2<{E1 · E2ej(k1·r1−k2·r2+φ1−φ2)} (A.2)
Substituting the electric fields with I1 and I2, the intensities of the two
respectively waves, defined as A.1, it is possible to obtain
I = I1 + I2 + 2
√
I1I2 cosψ cos(k1 · r1 − k2 · r2 − φ) (A.3)
The spatial modulation of the fringes is given by the difference k1 ·r1−k2 ·r2,
which depends on the angle of incidence on the inference plane. ψ is the
angle between the two electric field polarizations. The signal is represented
by φ = φ2 − φ1 which is the phase shift between the two waves. The phase
shift rise from a refractive index variation caused by a probed medium
acting on one of the two waves. The wave which cross the sample is usually
called probe beam while the other is named reference beam.
Two definition is often used to describe the quality of the fringes on a
spectrogram, i.e. on the image where the interference pattern has been
collected. The first one is the visibility
V =
Imax − Imin
Imax + Imin
(A.4)
which is usually wanted as high as possible and this can be done by prop-
erly setting the intensity of the two waves. The second quality is called
interfringe and represents the spatial distribution of the fringes on the plane
detector
L =
λ
cos θ1 − cos θ2 (A.5)
θ1 and θ2 are the angles between the direction of propagation k1 and k2 with
the normal of the plane detector.
A.2 Interferometers
There are different kind of interferometers. Since experimentally the
waves emitted by two independent light sources cannot be coherent, be-
1This is not reductive since every wave can be written as an infinite sum of plane waves
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cause the phase relation between them changes very rapidly with time,
most of the interferometers derives the two interfering beams from the
same source. The techniques used for creating coherent sources can be
divided in two principal classes:
• wavefront splitting, or ”division of wavefront” interferometry. The two
interfering beams comes from the same wavefront of the light emerg-
ing from a point or a narrow slit (so to obtain spatially coherent light).
This wavefront is then divided by passing through two splits closely
spaced, so the two part of the wavefront travel through different paths
and they are reunite to produce fringe pattern. This method is useful
for narrow sources. Fresnel interferometer employs this technique.
• amplitude splitting, or ”division of amplitude” inteferometry. The am-
plitude (so the intensity) of the beam is divided in two parts by partial
reflection at a surface. Again the two parts travel through different
paths and reunite on the detector/screen. This method is suitable for
extended sources and it is the most used in laser plasma experiments.
Different kind of interferometers can be used with these techniques, whose
difference can be again subdivided by the fact that the paths of the two
beams travel along the same line or not. If they pass together though the
sample and cross filters or particular crystals which allows them to pro-
duce interference (such as a Fabri-Perot interferometer) it is a common path
interferometer. If the beams are separated and travel along different paths
the interferometer is called double path interferometer.
Usually in all interferometer schemes a system of lenses is added to im-
age the region of interest with the required magnification. This does not
vary the alignment of the interferometer if it acts equally on both the beams.
A.2.1 Mach Zehnder Interferometer
The Mach-Zehnder interferometer is one the most used for plasma den-
sity measurements for its simplicity and its robustness. However, it requires
lot of space in the experimental chamber to be implemented.
In this interferometric scheme the probe beams follow different pathways
before interfering and the probe beam passes through the test area only
136
Figure A.1: Schematic of Mach-Zehnder interferometer.
once. It needs two equal beam splitters (usually are preferred 50% trans-
mission beam splitters) and two mirrors for recombining and dividing the
beams [109] as shown in Figure A.1.
The fringe spacing and the plane of localization of the fringes can be
controlled by varying the angle between the probe and reference beam
adjusting the last beam splitter before the imaging optic. The advantages of
this scheme is that it can be switched for shadowgraphic analysis (which re-
quires only the probe beam) just shuttering the unperturbed arm. Moreover,
it allows to use very short laser pulses which let to have better temporal
resolution since the difference between the two arms of the interferometer
can be adjusted by finely moving the mirrors of one of the two arms. Just
to give a practical idea, by using a laser pulse of 50 fs FWHM (as the one
of the laser FLAME) the two paths of the beams cannot differ one to each
other more than 15 microns or they do not overlap producing interference.
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